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5.4.1
Introduction

In conjunction with the increasing availability of cost-efﬁcient laser units during the
recent years, laser-based micromachining techniques have been developed as an
indispensable industrial instrument of ‘‘tool-free’’ high-precision manufacturing
techniques for the production of miniaturized devices made of nearly every type
of materials. Laser cutting and drilling, as well as surface etching, have grown
meanwhile to mature standard methods in laser micromachining applications
where a well-deﬁned laser beam is used to remove material by laser ablation.
As an accurately triggerable nonmechanical tool, the ablating laser beam directly
allows a subtractive direct-write engraving of precise microscopic structure patterns on surfaces, such as microchannels, grooves, and well arrays, as well as for
security features. Therefore, laser direct-write (LDW) techniques imply originally
a controlled material ablation to create a patterned surface with spatially resolved
three-dimensional structures, and gained importance as an alternative to complementary photolithographic wet-etch processes. However, with more extended
setups, LDW techniques can also be utilized to deposit laterally resolved micropatterns on surfaces, which allows, in a general sense, for the laser-assisted ‘‘printing’’
of materials [1, 2].
As outlined in Figure 5.4.1, the basic setup for an additive direct-write deposition of materials is the laser-induced forward transfer (LIFT), where the laser
photons are used as the triggering driving force to catapult a small volume of
material from a source ﬁlm toward an acceptor substrate. In contrast to the classic
laser-ablation micropatterning setup where material is removed from the top surface (Figure 5.4.1a), for LIFT applications the laser interacts from the inverse side
of a source ﬁlm, which is typically coated onto a nonabsorbing carrier substrate.
The incident laser beam propagates through the transparent carrier before the
photons are absorbed by the back surface of the ﬁlm. Above a speciﬁc threshold of
the incoming laser energy, material is ejected from the target source and catapulted
toward a receiving surface that is placed either in close proximity to or even in
contact with the donor ﬁlm. With adequate tuning of the applied laser energy the
thrust for the forward propulsion is generated within the irradiated ﬁlm volume.
The absorbed laser photons cause a partial ablation of the ﬁlm material, which
induces a sharply triggered volume expansion coupled with a pressure jump that
catapults the overlying solid material away. However, the energy conversion processes as well as the phase transitions involved in the LIFT process are complex and
affected by a large number of diverse parameters. Therefore, the highly dynamic
interactions between the laser and the transferred material are not easy to describe
in fundamental models. Apart from laser parameters such as emission wavelength,
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Figure 5.4.1 Conventional laser ablation (A) and laser-induced forward transfer (LIFT)
setup (B), with (a) incoming laser pulse, (b) projection optics and mask, (c) surface layer
of material to be ablated, (d) laser-transparent carrier substrate, (e) donor layer for transfer,
(f) catapulted ﬂyer to be deposited, and (g) receiver substrate.

pulse duration, pulse shape, focal spot size, and ﬂuence, the properties of the
transfer material system like thickness and composition, optical absorptivity, heat
conductivity, thermal diffusion, viscosity, phase change behavior, and so on play an
important role too. Further parameters such as the geometry of the transfer setup
including the distance between the donor and receiver substrates, the properties
of the carrier materials, and their surface morphology have also to be taken into
consideration. For successful LIFT applications, this wide parameter space has to
be speciﬁcally adapted and optimized for individual material systems to reach a
smooth and controlled deposition with high resolution and conservation of integrity
and functionality also of sensitive materials.
The fabrication of device structures requires the formation of complex
high-resolution patterns in three dimensions with a reasonable speed. At
present, commercially available, computer-controlled translation stages as well as
galvanometric scanning modules enable a precise and rapid motion of either the
substrates or the laser beam, and therefore the tailored direct-write deposition
of small volumes of individual materials. During the past years, LIFT-based
techniques have gained fundamental academic interest as complex photodynamic
systems. A broad variety of device applications and demonstrators have been
described in the literature, involving inorganic, organic, and macromolecular
materials, and even biological systems. Since the LIFT process allows deposition
of complex and multicomponent materials in one transfer step directly from a
separately prepared donor substrate and without further wet-developing processes,
this technique appears preferentially suitable for the fabrication of microdevices
where sensitive and functional materials have to be arranged in a controlled
manner without degrading their desirable properties. The following sections focus
on the LIFT process for fabrication of various devices, ranging from simple metal
thin-ﬁlm patterns to demanding biological applications where living cells and
enzymes are deposited for biosensor applications. The great versatility of the LIFT
direct-write process allows the transfer of a wide range of materials and opens up
new possibilities compared to conventional solvent-based deposition techniques
such as screen or inkjet printing.
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For the fabrication of microstructured surfaces, high-resolution photolithography
techniques are far developed and well established [3], but this patterning method
requires a sequence of numerous chemical processing steps, normally based
on a wet-etching development of a photoresist layer irradiated by a projection
mask. However, the processing conditions require chemicals and solvents that
are not always compatible with sensitive materials. Therefore, further alternative
nonlithographic techniques for the deposition of patterned materials on surfaces
have been brought into action for the fabrication of devices, most of them based
on contact or jet printing procedures.
Microcontact printing (μCP), also called soft lithography, uses a relief pattern on a
prestructured stamp of elastomeric silicone polymers for the transfer of patterned
structures of soft materials through conformal direct contact [4]. The material to
be transferred has to be formulated as an appropriate ink in which the stamp is
immersed before the micropattern on the receiver surface is formed by stamping
[5]. This allows a precise repetitive pattern transfer for a wide range of materials that
are not compatible with lithographic resist processes, for example, biomaterials
and polymer precursors. Further beneﬁts of μCP processes are comparably low
fabrication and material costs, a high throughput and accuracy by automation, as
well as the possibility of pattern deposition even on curved surfaces. However,
μCP is a wet deposition technique, since the materials to be stamped need to be
dissolved or dispersed in a suitable rheological system [6].
Screen printing (serigraphy) is a well-established method for production of
graphical artwork, and has been adapted as a further wet process to deposit material
patterns directly by a stencil mask technique. A ﬁne-woven mesh stretched on a
frame supports a layer of the predesigned stencil (the screen), where the stencil
openings determine the 1 : 1 image that will thus be imprinted by the passing of
a highly viscous ink or any other paste medium through the open areas of the
ink-permeable layer onto a substrate. The ink paste is deposited and patterned in
one step, but the image resolution is rather limited, with single feature sizes in the
submillimeter range (down to about 100 μm). Owing to the possibility of preparing
thick layers from pastelike materials, screen printing has found applications for the
fabrication of electric and electronic devices on an industrial scale [7]. It is used for
printing semiconducting materials and metal pastes, for example, for conducting
lines on wafer-based solar photovoltaic (PV) cells, for circuit boards, and further
printed electronic devices where a relatively high layer thickness, but not a high
resolution, is important [8]. Nevertheless, dielectric or passivating layers for organic
semiconductor devices, and even complete organic ﬁeld-effect transistors (OFETs)
can be screen printed, by using families of electrically functional electronic or
optical inks to create active or passive devices [9]. However, the process is not very
ﬂexible since precisely structured printing masks have to be individually fabricated.
Compared to the screen printing technology, slightly higher resolutions can be
achieved by inkjet printing, where small droplets of much less viscous functional
inks are catapulted onto the receiver surface. Inkjet printing enables a noncontact
material transfer and is a digitally data-driven direct-write deposition method that
can be set up with relatively low effort (no masks or screens are needed) and also at
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laboratory scale. Inkjet technology can be applied to deposit materials on substrates,
but the material to be jetted must be compatible with the printhead used and must be
formulated with a viscosity within a speciﬁc range [10]. Normally, the image pattern
is generated by the computer-addressed two-dimensional translation of the printer
head in coordination with the trigger of the droplet ejection through the nozzle
oriﬁces. Droplet deposition is well suited for low-viscosity, soluble materials like
organic semiconductors, but with high-viscosity materials like organic dielectrics
and dispersed particles, such as inorganic metal inks, difﬁculties due to clogging
of the nozzles repeatedly occur. Owing to the drop-wise deposition of layers,
their homogeneity is limited, and the resolution (about 50 μm) depends on the
minimum droplet volume that can be deposited. The throughput is determined
by the available droplet dispense rate, which typically does not exceed 25 kHz.
Simultaneous usage of many nozzles as well as prestructuring of the substrate can
improve the productivity and resolution, respectively. Inkjet printing is preferably
used for the fabrication of organic semiconductors in organic light-emitting diodes
(OLEDs) [11], but OFETs have also been completely prepared using this method
[12–14]. Furthermore, biological microarrays of nucleic acids and proteins, as well
as other sensing and detector devices, can be prepared by means of inkjet printing.
A layer-by-layer deposition of polymer precursors allows for rapid 3D prototyping
determined by digital CAD ﬁles. Three-dimensional objects and freestanding
structures in the shape of each cross section can be created by successive deposition
of material layers, for example, by jetting liquid photopolymers that are immediately
cured after deposition by UV light. As an alternative, layers of a ﬁne powder (plaster,
corn starch, or resins) are selectively bonded by codepositing a solidifying adhesive
from the inkjet nozzle head.
As a common issue, all mentioned microprinting methods require viscous
inks or rheological suspension systems, and can therefore be classiﬁed as wet or
solvent-based deposition procedures. At least a drying step for the solvent removal
is necessary to ﬁx the printed structure on top of the receiver surface, if not
more complex annealing or even curing processes by chemical postdeposition
modiﬁcations. In contrast to conventional ink-dye-based printing techniques of
graphical art images, the need for a versatile deposition technology for free-forming
materials [15, 16] and for multilayer devices raises a number of materials problems.
Higher resolutions will be needed if organic transistor architectures are to be
printed. Also, it must be possible to print bubble- and pinhole-free layers to avoid
shorting of devices. Further, printing on dense rather than porous substrates
requires that the ink interacts constructively with the substrate for optimum
adhesion. For stacked device architectures, multiple layers must be printed such
that they form discrete unmixed layers with clearly deﬁned interfaces. Since
multilayered stacks are the most favored design in device fabrication, either a
strict orthogonality in the solubility of different materials or a subsequent selective
cross-linking of previously solution-deposited layers is required. This solvent issue
is one of the main reasons why applications of the so-called direct-write transfer
methods, where solid layers are transferred from a carrier to the substrate, are of
practical interest.
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Laser-based methods as a preparative tool for thin-ﬁlm deposition, such as pulsed
laser deposition (PLD) [17–22] and matrix-assisted pulsed laser evaporation (MAPLE)
[18, 23] have been developed to grow thin ﬁlms of inorganic and organic materials.
Both methods are based on laser ablation of a target material under vacuum
conditions. On the laser interaction, inorganic materials get vaporized to form
a plasma, which transports the components via the gas phase toward a receiver
substrate where the redeposition process takes place. Even when such laser-based
deposition methods enable the controlled growth of homogeneous thin ﬁlms,
they have the disadvantage that only complete layers with no lateral resolution
are formed. In addition, these vapor-phase deposition processes are restricted in
that they are applicable only to polymers with inherently high molecular masses,
and only a few polymers have been deposited successfully by PLD with UV lasers
[24–26]. This is not really surprising since UV photons will induce reactions so
that such compounds tend to degrade or decompose if directly exposed to UV laser
irradiation. Only polymers that depolymerize, that is, form the monomer on UV
laser irradiation by a deﬁned photochemical cleavage mechanism, may be used
for this approach [27]. The deposited monomers then react on the substrate to
form a new polymer ﬁlm [28]. Therefore, the deposited polymer ﬁlms will most
probably have a different molecular weight and weight distribution than the starting
material, and may also contain decomposition products. Attempts to deposit ﬁlms
of the biopolymer lysozyme by PLD from a solid pressed target revealed that the
target crumbled up and broke into small pieces during direct mulitpulse laser
exposition [29]. One possible approach to deposit thin polymer ﬁlms by PLD is
the application of mid-infrared (IR) radiation, which is tuned to certain absorption
bands of the polymer (resonant infrared pulsed laser deposition, RIR-PLD) [30–32].
A modiﬁed approach to PLD that is more gentle is MAPLE [18, 23], which uses, in
principle, the same setup as PLD, with the main difference that the target consists
of a frozen solution of the polymer. The laser is then used to vaporize the solvent
that is removed by the vacuum pumps while the polymer chains are propelled and
deposited on the substrate. However, this approach works only for polymers that
can be dissolved or dispersed in an appropriate solvent, and it should also work best
when the laser is preferentially absorbed by the solvent matrix. The formation of
high-quality thin ﬁlms is possible, although problems with the homogeneity of the
ﬁlms and trapped solvents exist. Thin-ﬁlm deposition of the conducting polymer
PEDOT:PSS (poly(3,4-ethylenedioxythiophene)-polystyrene sulfonate) was studied
with a combination of resonant infrared laser vapor deposition (RIR-LVD) and the
MAPLE approach. The PEDOT:PSS was frozen in various matrix solutions and
deposited using a tunable, mid-IR free electron laser. When adequately absorbing
solvents (e.g., isopropanol and N-methyl pyrrolidinon) were added to the aqueous
matrix, and the laser wavelength was properly adjusted to selectively excite the
speciﬁc co-matrix, deposited ﬁlms were smooth and exhibited electrical conductivity
[33].
In the context of device fabrication, thermal evaporation processes also play
an important role. Metals as well as sufﬁciently volatile and thermally stable
organic compounds can be deposited from the gas phase within high-vacuum
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chambers in the form of thin-layered two-dimensional patterns by using appropriate shadow masks. However, such vapor deposition techniques via masks
suffer from the disadvantage that normally most of the evaporated material recondenses on the shadow mask area itself, and only a small part is deposited
by passing the stencil apertures on the receiver surface. Therefore, a large part
of the evaporated material is unproductive or even lost if not recovered. Further,
small openings in the mask (as, e.g., needed for the fabrication of arrays of
small pixels for display screens) tend to become overgrown by the evaporated
material, and have therefore to be cleaned frequently. Printing larger areas with
such delicate masks proved also to be rather difﬁcult because of shape distortions and their weak mechanical stability. In addition, the method is essentially
limited for low volatile compounds such as ionic compounds, ceramics, and
polymers.
For device microfabrication, many and diverse material classes have to be integrated with a high local accuracy. In order to circumvent the above-summarized
problems concerning the solvent- and vapor-based microdeposition of materials,
novel approaches based on LIFT processes that enable a solvent-free (or ‘‘dry’’)
direct-write deposition of solid thin ﬁlms, necessary for the fabrication of devices with sensitive functional materials, have been developed. Since LIFT-based
direct-write techniques are versatile with respect to the materials that can be
microdeposited, such methods were developed and adapted for a variety of different device-relevant fabrication steps. For example, the deposition of micron-sized
metal patterns by LIFT allows not only the direct-write of pixel masks but also the
application of electrical conducting paths for electronic circuits that can simultaneously serve as metal cathodes or anodes. Mainly, inorganic compounds are used
for the LIFT-based fabrication of electrochemical microcells, which are designed
as small-scale energy storage and power delivery devices, such as microbatteries,
microsupercapacitors, or even PV power-generating systems for remote sensors
[2]. Further LIFT-fabricated microdevices include electronic on-chip circuits where
semiconductor components, resistors, capacitors, and thin-ﬁlm transistors (TFTs)
were transferred together with metal-inks for electrical contacts. A promising extension for LIFT applications is the fabrication of organic optoelectronic devices
such as color screen displays based on electroluminescent materials, or ‘‘plastic
electronic’’ devices where components such as TFTs are built up with semiconducting organic and polymeric materials. Finally, a recent ﬁeld of LIFT applications
has been established for the fabrication of chemosensors and biosensors where
biomaterials such as nucleic acids, proteins, enzymes, cells, and microorganisms
have to be accurately deposited for detecting microdevice systems. Envisioned
further applications include energy harvesting with thermoelectric and piezoelectric materials and radiofrequency identiﬁcation (RFID) tag systems with added
functionalities.
The following sections present a compilation of examples of LIFT techniques for
the microdeposition of various material systems and with regard to the potential
for microdevice fabrication applications.
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5.4.2
LIFT Techniques for Direct-Write Applications
5.4.2.1 Traditional LIFT
As outlined in Figure 5.4.1, the donor system for basic LIFT setups consists usually
of a single source material layer that has been separately precoated as a thin plane
ﬁlm on top of a laser-transparent carrier substrate, typically fused silica supports
or polymer ﬁlms, depending on the laser wavelength. A small area of the transfer
material corresponding to the beam spot dimensions of a projection-mask-shaped
laser is directly exposed to the incoming laser radiation, mostly applied as individual
single pulses. Patterns can be generated by scanning and modulating the laser or
moving the donor–acceptor stack on a computer-controlled translation stage. For
an optimum laser–material interaction, the source material layer has to provide a
high absorption coefﬁcient at the laser emission wavelength, and has to be heat
resistant, as well as insensitive to phase transitions and thermomechanical stress.
As far as documented in the literature, already in the early 1970s, the ﬁrst demonstration of the LIFT principle was reported [34] for laser-writing image recording
with common polyethylene-backed typewriter ribbons as the donor, and paper or
polyester (PET) foils as the accepting substrates (Figure 5.4.2A) [35]. Compared
to conventional typewriter machines or dot matrix printers, the laser-triggered
scanned material transfer recording technique features an inherently noncontact,
nonimpact printing system with instant viewability, and requires furthermore no
process chemicals. Graphical line patterns with widths from less than 30 μm to
more than 130 μm have been recorded with a 1064 nm Nd:YAG laser, depending
on the focus spot size and the air gap between donor and accepting substrate,
and with energy densities in the range of 1–3 J cm−2 . The experiments were
extended further to PET-foil-supported dyes and ink materials, proving that the
laser-assisted material transfer recording is not restricted to a black carbon ribbon
system. Systematic studies were performed with regard to the inﬂuence of the laser
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Figure 5.4.2 Two material transfer recording setups as analogously published in Ref.
[35]. (A) represents the basic LIFT setup,
whereas (B) shows a reversed transfer setup
for a ‘‘backscattering’’ process that corresponds to a vertical pulsed laser deposition
(VPLD) arrangement. The components are

(a) focused and outline-shaped laser pulse,
(b) front retainer, (c) rear retainer, (d) transparent polyethylene typewriter ribbon carrier
ﬁlm, (e) black carbon coating, (f) accepting
surface of the recording medium (g) spacer
gap, and (h) top receiver material transparent to laser beam.
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ﬂuence and the spacer gap distance on the quality of deposited patterns. The best
resolution with smooth contours of the printed patterns was found when the donor
ribbon and the accepting sheet were in direct contact.
A mechanistic model for the material transfer process involves light-to-heat conversion (LTHC) within the opaque ﬁlm of dye pigments dispersed in a translucent
binder matrix. Depending on the concentration of the absorbing particles, the
incoming IR laser radiation propagates into the coating layer volume where it is
absorbed within a certain penetration depth. The absorbed laser energy causes an
ultrafast strong heating of the irradiated ﬁlm volume close to the support interface,
which immediately induces vapor generation by phase transitions together with
shock and thermal stress waves. The vapor emission leads to an attendant buildup
in pressure and induces a volume expansion together with a thermal strain. If the
opaque layer is thicker than the optical penetration depth, the vaporization-built
pressure will ﬁrst blast a small cavity in the material layer. Finally, it breaks open
the surface and delivers the momentum that catapults the spot volume toward
the receiver surface. At this point, a hole in the opaque dye coating is formed,
whereas the ejected material is accelerated along trajectories that depend on the
pressure gradient and momentum of the expanding gas. Laser ablation itself is
always accompanied by shock waves generated by the intense, nearly instantaneous
thermal expansion of a point area at the surface of the illuminated material. With
an air gap of about 100 μm the deposited structures showed less sharp contours
accompanied by some randomly distributed particulate debris, which stems from
the mechanical burst-open process of the donor ﬁlm surface when the detached
coating shell spot (the catapulted ‘‘ﬂyer’’; see component (f) in Figure 5.4.1) is
forward propelled. In an air gap, the propagation and even reﬂection of shockwaves
at the receiver surface may also interfere with the ejected material, as is discussed
in a later section.
Control experiments were performed with a reverse transfer setup (Figure 5.4.2B)
[35] to test the differences between the two kinds of material deposition by ablation
transfer. For the catapulting in the forward direction (Figure 5.4.2A) and for a
given coating thickness, the transferable material was either completely removed
above a certain threshold laser ﬂuence or not at all. This observation reﬂects the
fact that the thermal ablation process and therefore the vapor bubble formation
necessary for the forward catapulting starts at the carrier–coating interface (i.e.,
the ‘‘backside’’ of the ﬁlm). If the formed pressure is high enough, the overlying
shell of the coating will fracture and be completely split off as the ﬂyer. However,
in the reverse transfer setup (Figure 5.4.2B) which works more along the classic
laser ablation, small amounts of material could be removed gradually from the
top surface depending on the applied laser ﬂuence. In cases where not all of the
material was removed, ablated structures in the transferable coating were observed.
5.4.2.1.1 Enhanced Donor Systems for Printing Applications
In a US patent ﬁled in 1971 [36], a slight extension of the donor system in the printing
setup is disclosed for a laser imaging application similar to that described above. The
donor ﬁlm coated on a transparent PET substrate comprises heat-absorbing carbon
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black particles dispersed in a self-oxidizing binder consisting of nitrocellulose. The
incoming IR laser heats the energy-absorbing particles and induces a blow-off or
explosion of the energetic binder matrix. This causes the removal of the coating,
leaving a clear area on the supporting substrate that corresponds to a positive
image. If a receiver substrate is mounted as a backing in contact with the donor
ﬁlm, the deposited material forms an image recording. The laser power required
at the focus point is sufﬁcient only to heat the self-oxidizing nitrocellulose binder
to initiate combustion. The blow-off provides the thrust to carry the carbon black
particles toward the receiver sheet. Even when no details concerning the resolution
and pattern accuracy are given, this example demonstrates that the laser-triggered
decomposition of energetic materials can, in principle, be advantageous for the
material transfer.
A further improvement of the laser-driven transfer method was disclosed in
1976 in a further patent for the preparation of planographic printing plates [37].
The formulation of the donor substrate coating contains, in addition to the
above-mentioned carbon black particles and the self-oxidizing nitrocellulose binder,
a cross-linkable prepolymer resin together with a thermotriggered cross-linker
agent. After a laser-responsive ignition of the blow-off that causes the transfer of the
prepolymer resin coating together with the cross-linking agent, the cross-linking
reaction is initiated by the heat generated during the laser irradiation and the
exothermic decomposition of the binder. Owing to the cross-linking reaction, the
deposited polymer features are ﬁxed after thermal curing on the receiving plate,
which could directly be used for the copy printing process, whereas the donor ﬁlm
shows again the opposite image recording. This example demonstrates that by using
appropriate material systems, in principle, laterally structured functional units such
as printing plates for graphic arts can be directly fabricated by laser-assisted material
transfer techniques.
5.4.2.1.2 LIFT of Metal Patterns
The transfer of small metal features from thin metal donor ﬁlms coated on fused
silica carriers by the LIFT process was ﬁrst investigated by Bohandy et al. [38]
and published in a paper in 1986 entitled ‘‘Metal deposition from a supported
metal ﬁlm using an excimer laser.’’ In contrast to the previous studies of graphical
print applications where argon-ion and Nd:YAG lasers with emission lines in the
visible and IR range, respectively, were used, metal ﬁlms were irradiated with
single pulses of a UV excimer laser (ArF, 193 nm emission wavelength, 15 ns
pulse length), and 50 and 15 μm wide lines of copper and silver were transferred
in a high-vacuum chamber from fused silica carriers precoated with metal donor
ﬁlms ∼400 nm in thickness onto silicon receiver substrates. The experimental
apparatus corresponds to the conventional LIFT setup outlined in Figure 5.4.1,
which was initially placed in a vacuum chamber. With a donor–receptor distance
in the range of some micrometers, deposition of metal patterns was observed
above a threshold pulse energy of around 60 mJ. With increasing pulse energies,
the width of the transferred line got broader, and with energies around 140 mJ
more metal ‘‘splatter’’ and surrounding molten debris deposits have been observed

263

264

5 Nanomaterials: Laser-Induced Nano/Microfabrications

away from the edges of the line. As already described above, analogous control
experiments have also been performed, where the metal ﬁlm was irradiated through
a transparent receiver substrate located in front of the ﬁlm, according to the vertical
pulsed laser deposition (VPLD) in Figure 5.4.2B. The metal deposits produced by
that backscattering ablation experiment were found to be much worse compared
to the forward transferred ones.
This study was the beginning of systematic investigations concerning the transfer
mechanism and applications of the LIFT technology for the direct-write printing
of conducting lines as interconnects in electronic circuit devices. One beneﬁt of
the LIFT direct-write process is the fact that the size of the written metal deposits
corresponds closely to the size and shape of the laser focal spot. Mechanistic
models of the laser-induced forward propulsion of metal features involve heating,
melting, and vaporization of the metal ﬁlm by the laser. The LIFT mechanism
is triggered by the absorption of the incident laser photons at the carrier–metal
interface. Depending on the surface properties and the optical constants (e.g.,
reﬂectivity R and absorption coefﬁcient α) of the metal layer, a part of the incoming
laser pulse will be reﬂected or even scattered, whereas the absorbed laser energy
induces an ultrafast heating of the irradiated area. Owing to the high absorption
coefﬁcient α of metals, the typical penetration depths of UV photons in metal
layers are typically below 20 nm, that is, the pulse energy is deposited in a very thin
volume of the metal ﬁlm where it gets converted into heat and leads to melting
and local vaporization. Depending on the pulse length and the individual thermal
parameters of both the metal layer and the underlying substrate, such as thermal
conductivity, speciﬁc heat, and density, a rapid propagating phase change takes
place within the ﬁlm. Above a certain energy threshold, the pressure of the metal
vapor that is trapped between the source ﬁlm and its carrier support is high enough
for a rupture of the ﬁlm accompanied by the vapor-driven propulsion and lift-off
of the remaining ﬁlm shell [39]. For these reasons, each metal shows individual
LTHC properties, depending on the combination of its inherent material properties
with respect to the speciﬁc interaction with the laser and its parameters, such as
the emission wavelength, ﬂuence, pulse duration, and shape. Owing to the high
thermal conductivity of metals, thermal diffusion has a strong inﬂuence on the
ablation behavior, since the local heating gradient is relatively small compared to
materials with a lower thermal conductivity (as, e.g., the carrier substrate). Typically,
for metals and pulse lengths in the nanosecond regime the thermal diffusion length
is roughly on the order of two times the optical penetration depths. For pico- and,
particularly, femtosecond pulsed lasers, thermal diffusion becomes less important,
and the same incident laser energy stays with ultrashort pulses signiﬁcantly more
localized (i.e., ‘‘more concentrated’’) in the irradiated focal point. Therefore, pulse
length and beam homogeneity also play an essential role in the thermal ablation
process, since the morphology and cleanliness of the resulting features and deposits
is crucially inﬂuenced by the combination of all these parameters, which ﬁnally
deﬁne the processing window for a successful LIFT deposition. A further problem
that can be observed with the LIFT deposition of metals concerns the wettability of
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the receiver surface because of the surface tension of molten metals, which often
shows blurred and splashed droplet structures.
In Chapter 5.2, Sakata and Wakaki presented a compilation on general LIFT
studies of various metals. In the context of device fabrication, metal deposition
by LDW methods can be useful for creating conductive connections and contacts
in electronic circuits by ‘‘laser placing.’’ Also, a repair of burned or interrupted
interconnecting lines can be envisioned. However, as already mentioned above,
the pattern quality and homogeneity of metal patterns deposited by LIFT is
often unsatisfactory because of the distinct splattering and spallation behavior of
transferred metal features that often appear substantially blurred by precipitation of
small droplets along the rough microfeature boundaries. Recently, it was reported
that for the LIFT deposition of zinc with subpicosecond pulses of a 248 nm
excimer laser over a transfer gap of 100 μm the obtained structures were found
to be much sharper and less blurred when the transfer was carried out in a
moderate vacuum [40]. Obviously, the ultrashort pulsed UV LIFT provides a highly
forward-directed material plume with only a small angular divergence in vacuum,
so that only small amounts of metal is deposited outside the main track of deposited
material. Nevertheless, scanning electron microscopic (SEM) images reveal at a
higher magniﬁcation that the line structures are composed of many individual
submicronsized droplet fragments and features, indicating that the metal ﬁlm is
not transferred as an intact unit.
At IBM Laboratories laser-induced chemical vapor deposition (LCVD) of high-purity
metal ﬁlms has been applied to a wide variety of microelectronics and device
applications. The ability to deposit conducting materials has enabled speciﬁc
applications for the laser-induced repair of ‘‘open’’ circuit defects, laser-induced
deposition of interconnects for customization of circuits and the laser-based repair
of high-resolution photolithographic projection masks [41]. Such masks consist of
a precisely patterned thin metal layer usually coated on fused silica carriers. For
the repair of clear and opaque defects in the metal mask layer material addition is
needed. Besides focused ion beam (FIB) metal deposition processes, laser-induced
deposition staining has been used [42]. Controlled quality thin metallic ﬁlms were
deposited on the defect sites by locally deﬁned UV laser-induced decomposition
of volatile tungsten, gold, molybdenum, and chromium coordination complexes
as metal precursors. The optical transmission and phase-shifting properties of the
deposits can be matched well to the ﬁlms commonly used in phase shifting masks.
But the LCVD thin-ﬁlm direct-write technique is limited by the slow deposition
rate, narrow choice of materials, and process complexity, including the need for
operating in vacuum. For the repair of further pattern defects and trimming
of microsturctures, locally resolved material removal has been performed with
femtosecond laser ablation and FIB bombardment techniques.
A recent study on the creation of conductive lines by LIFT was carried out using
110 fs pulses of an 800 nm laser focused through microscopy objectives [43]. From
gold donor ﬁlms with a metal layer thickness between 40 and 80 nm, conductive
lines with a width of 15–30 μm were written between contact electrodes. The same
deposition was used to demonstrate the repair of a damaged Pt microﬂuidic heater
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element with a small Au metal pad. Owing to the rather nanoparticulate appearance
of the deposited metal, 15–40 subsequent overwrites were necessary to create lines
with a peak line high of 0.6–3 μm, which showed a resistance between 100 and
400  for a 1 mm long line. This is rather a high value since the porous nature of
the deposited metal greatly increases the resistivity of the lines. The conductivity
could be improved by a factor of 2 by gentle electrical heating by which many
microdroplets are fused together, reducing conductivity bottlenecks. Thus, lines
with conductivities in the range of 10−6  m, approximately 100 times the value
for bulk gold, can be produced. In an earlier study, LIFT deposition of conducting
Au lines transferred with nanosecond pulses of an excimer laser from a 1.6 μm
thick Au donor over a 25 μm gap resulted in 40 μm wide lines with a height of
about 10 μm after 100 laser pulses with multiple stepwise overwrites [44]. While
LCVD-deposited Au from metal complex precursors gave homogeneous gold lines
with a resistivity about 10 times that of bulk Au, a higher resistivity was obtained
from gold deposited by LIFT [41].
Since ultrafast laser pulses in the subpicosecond regime are known to have
precise breakdown thresholds and minimal thermal diffusion in metals, uncontrollable melting processes are prevented, and therefore they offer advantages in
precision micromachining and microdeposition applications [45]. The higher quality of the femtosecond lasers in terms of better resolution and more clearly deﬁned
morphology of the LIFT deposits has been demonstrated for the creation of diffractive optic thin-ﬁlm devices in the form of binary-amplitude computer-generated
hologram masks [46, 47]. With a modiﬁed 248 nm femtosecond excimer laser system, complex pixelated patterns were laser transferred pixel by pixel from a 400 nm
thick chromium donor layer with a high lateral resolution of the individual square
Cr deposit features of about 3 μm × 3 μm. It was also demonstrated that more than
one layer of metal can be written on top of each other by creating multilevel holographic structures, comprising three layers of Cr pixels subsequently deposited. As
an experimental extension, temporally shaped femtosecond laser pulses have been
studied for controlling the size and morphology of LIFT-deposited micron-sized
metallic structures of Au, Zn, and Cr as a function of the pulse separation time
of double pulses [48]. Depending on the electron–phonon coupling in the metals, tailored pulse shaping has an inﬂuence on the ultrafast early-stage excitation
processes, and this has effects on the dynamics of the ejection and deposition
process.
LIFT of gold fringe patterns was achieved by projection of a laser interference
pattern onto an Au-coated donor target [49]. The inherent energy distribution of
the incoming interference beam has been projected as ﬁnely structured gold line
patterns on the receiver substrate. This interference-based LIFT allows deposition
of well-resolved structures without the need for a corresponding mask.
By using appropriate projection masks, arrays of more than one individual pixel
can be deposited by one laser pulse. Simultaneous deposition of more than one
small single pixel per pulse allows faster laser printing of repetitive-patterned
structured and dot arrays, which, in principle, is useful for device series fabrication.
A simultaneous deposition of gold multidot arrays was demonstrated by using a
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target Au ﬁlm that is evaporated onto a regular two-dimensional (2D) lattice of
microspheres formed by self-assembly on a transparent support [50]. The Au-coated
SiO2 microspheres had a diameter of 6 μm and were irradiated with defocused
single pulses of a nanosecond KrF excimer laser through the quartz carrier. Each
microsphere represents a small microlens focusing the laser beam onto a small
spot on the top radius where the metal ﬁlm gets locally ablated. The size and index
of refraction of the microspheres determine the degree of focusing and thereby
the area of the illuminated gold ﬁlm on the calotte of a particular sphere. Arrays
of hexagonal Au dots with an average diameter of ∼2.5 μm have been transferred
sucessfully onto the receiver substrate. A similar setup with polystyrene microbeads
as the focusing elements has been used to deposit arrays of submicron metal
features [51]. A femtosecond laser emitting at 800 nm was used to deposit dotted Ti,
Cr, and Au patterns. With appropriate optical parameters, deposition of submicron
dot arrays could be achieved by this microbead-assisted parallel LIFT approach.
However, the size of the projection mask has to ﬁt with the laser beam diameter, and
the energy distribution within the beam proﬁle has to be taken into account. Owing
to their more homogeneous beam proﬁle, rare gas excimer lasers have therefore
some advantages compared to lasers with a Gaussian-shaped energy proﬁle.
This was recently shown with the fabrication of micron and submicron dot
arrays of semiconducting β-FeSi2 by LIFT with a grid-pattern projection mask
[52]. Demagniﬁcation of a pinhole photomask in a UV-laser-compatible projection
system down to 1 mm × 1 mm allowed the simultaneous microdeposition of highly
regular dot patterns with high site control and downsized feature dimensions below
1 μm. Again, the pattern quality was found to depend strongly on the applied ﬂuence
of the 248 nm excimer laser (20 nm pulse length), and for the given system the
optimum processing window had to be determined. Within the ﬂuence range
closely above the threshold ﬂuence of transfer where the smallest regular droplets
were deposited on the receiver, no corresponding apertures or holes were found
in the donor layer; only bumplike curved arches have been observed on the layer
surface. As an interesting contribution to the elucidation of the involved LIFT
mechanism, the authors investigated the morphology of the backside interface
between the source ﬁlm and transparent support after irradiation. The used part of
the donor ﬁlm was peeled off from the support and regular concave hollows with the
shape of the projected laser beam were found at the irradiated sites. The formation
of these hollow gaps can be attributed to the fast phase transition processes during
the laser-induced local superheating where liquefaction and gas bubble formation
take place. Only a small droplet is ejected from the molten surface, whereas the
remaining liquid layer freezes out again immediately and entraps the formed
vapor bubble. A similar phenomenon with ‘‘frozen’’ remaining structures for laser
ﬂuences close to the ablation threshold was documented in a study on the transfer
dynamics during the LIFT process of aluminum with an IR laser [53].
In order to enhance the pattern quality of conducting metal deposits and to
avoid the splashing and droplet-like debris formation during the LIFT process,
the effect of an additional 1 μm thick polymer coating layer on top of the 400 nm
thick metal donor ﬁlm was tested [54]. Unfortunately, no information has been
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disclosed on the type of polymer used in this study and which laser was applied;
only pulse repetition rates up to 80 kHz have been mentioned and the inﬂuence of
the scan speed (obviously in the range of some tens of micrometers per second)
at a ﬂuence around 8J cm−2 . What happens to this overlying polymer coating
during the laser-induced ejection process under these conditions has not been
clearly described; however, the edge quality of the deposited patterns appears to
be enhanced. It can be imagined that the polymer top coating has an inﬂuence
on the metal evaporation dynamics, and modiﬁes by that the droplet formation
during the forward ejection. Also, a certain ‘‘taping effect’’ of the polymer layer
to the ejected metal features can be imagined. Obviously, the polymer then gets
thermally decomposed since, allegedly, by energy-dispersive X-ray spectroscopy
(EDX) analyses no carbon components could be detected in the deposited metal
patterns. Conducting test microelectrodes from Cr, Cu, and Al with a high of 5 μm
were LIFT deposited by multiple layer-by-layer overwrites. The microstructures
consist of small densely packed metal particles, showing a speciﬁc resistance of
about 100 times that of the bulk metals, but also 2 times less compared to metal
electrodes deposited without the auxiliary polymer top coating.
A 2 μm thick polymer coating on top of the receiver substrate was used to
investigate the LIFT deposition of conducting metal interconnects into a passivation layer of electronic devices [55]. A conventional LIFT setup with silver-coated
(300 nm) donor substrates and a Nd:YAG laser (λ = 1064 nm, 7 ns) was used to
catapult Ag clusters into the polymeric receiver layer at an applied ﬂuence of
1 J cm−2 . Usually three to ﬁve laser pulses are required to make the embedded silver particles well interconnected, forming a conducting structure in the poly(vinyl
alcohol) polymer (PVA) coating. This process has been named laser-induced implantation. However, this technique has some differences compared to the laser
molecular implantation (LMI) discussed in Section 5.4.3.2. The accelerated metal
ejections penetrate the polymer layer surface and get embedded. Further laser
pulses push the LIFT-embedded metal clusters deeper into the receiver matrix. A
PVA-encapsulated TFT and a polymer light-emitting diode (LED) device have been
successfully contacted via LIFT-implanted Ag interconnects. Even when the performance of the LIFT-contacted devices was somehow reduced, this approach could
bear the potential for embedding electric interconnects in already encapsulated
organic electronic devices during plastic substrate processing.
As an inorganic nonmetallic material, the LIFT deposition of silicon nanoparticles
was recently studied with respect to potential applications in device fabrication [56].
The reported process of deposition consists of two steps each, whereby a Nd:YAG
laser (1064 nm, 5–7 ns pulse width) was used: for the preparation of the donor
substrates, Si nanosized particles were deposited on glass substrates by VPLD from
native silicon wavers as the target material at a high-power output of the laser,
according to Figure 5.4.2B. Depending on the process gas atmosphere, strong
morphological variations of the deposited Si structures were observed. While in
an argon atmosphere porous ﬁlms of mutually agglomerated silicon nanoparticles
are formed, the same procedure performed in ambient air resulted in ﬁlms
consisting of networks of hyperbranched nanowires of crystalline Si interconnected
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by amorphous silicon oxide deposits. Both types of prefabricated donor substrates
were used in the subsequent LIFT process to deposit Si-based patterns, and
their morphology changes were investigated. As a test for the conservation of
material functionality, ﬂuorescence microscopy imaging was performed in order
to detect luminescence emission of Si nanocrystal centers. From the analysis of
the photoluminescence (PL) spectra, a core–shell structure of the deposited Si
nanoparticles was derived where excitons are trapped in a conﬁnement at the
Si/SiO2 interface.
LIFT of Metal Nanoparticle Inks LDW of conductive metallic interconnection lines
is of great interest for the tailored fabrication of electronic microdevices and
printed electronics. During the past years, inkjet technology of metal nanoparticles
was essentially developed, including the delicate thermal postprocessing steps
for the ﬁxation and functionalization of the inkjetted structures by curing and
annealing. However, for inks with high contents of nanoparticles indispensable
for the creation of well-conducting lines, the inherently high viscosity of such inks
makes it more difﬁcult to be applied by small-oriﬁce nozzles in inkjet printers
because of their tendency to clog and contaminate [57]. Here, the LIFT of viscous
pastes can offer a promising technical improvement. The opaque ink has a high
absorption coefﬁcient, and the metal nanoparticles provide an efﬁcient interaction
with the laser so that only a portion of an ink donor layer would be vaporized to
catapult the remaining coating. While the binder matrix of the paste serves only
as an auxiliary compound that has anyway to be modiﬁed or removed later by a
separate curing step, a chemical alteration by the LIFT process might not be so
relevant. Depending on the composition of the ink, the binder matrix can be more
or less volatile and adapted to an appropriate viscosity of the paste so that the ﬂuid
dynamics of the ejected features can be ﬁnely adapted toward a proper jetting and
deposition behavior. In addition, tuning of the rheologic properties of the ink paste
enables the deposited single-droplet features to ﬂow and coalesce, and form by that
continuous pattern structures for conducting lines. Highly viscous nanoparticle
pastes enable a deﬁned LIFT catapulting process of elastic soft patterns, which are
transferred homogenously without morphological changes by droplet formation
and deposited without splashing.
Silver nanoinks containing 20–50 wt% of Ag particles with a size below 100 nm
were used for corresponding LIFT direct-write printing experiments [58]. A
frequency-tripled Nd : YVO4 laser with an emission at 355 nm and about 30 ns
pulses was used to transfer the nanoink coating from a glass support toward Si
wavers or polyimid (Kapton ) foils. Postdeposition curing treatment was carried
out either by thermal curing in an oven for 40 min at 250 ◦ C or with laser baking.
Continuous lines, ∼20 μm in width and ∼0.5 μm in height, with good particle agglomeration could be obtained by that procedure. Lines of 470 μm in length printed
between two gold electrodes on Kapton exhibited good electrical conductivity with
a resistivity of less than 10 times that of bulk Ag.
Conducting lines were also LIFT printed with a pulsed IR laser using a commercially available Ag/Pt-nanoparticle-based ink (QS 300 manufactured by DuPont)
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[59]. This ink has been developed for industrial microelectronic screen printing
applications for producing ﬁne lines down to 75 μm with contact masks. The
rheology of such screen printing inks is speciﬁcally designed to vary with the
shear forces applied to the ink. In the absence of shear forces, the ink is very
viscous (thixotropy) so that deposited patterns can resist distortions once they
are deposited. For the preparation of donor substrates, the ink was mixed with
α-terpineol as a less-volatile solvent to get a modiﬁed matrix that was used earlier
for a matrix-assisted pulsed laser evaporation direct-write (MAPLE-DW) study with
inorganic powders and a 355 nm UV laser [60]. A complex ﬂuid dynamic behavior
has been observed on pulsed irradiation with a neodymium-doped yttrium lithium
ﬂuoride (Nd:YLF) laser at 1047 nm emission wavelength, including a bubble protrusion, jetting, and plume regime, depending on the surface tension of the ﬁlm.
Only within the bubble protrusion regime could a sufﬁcient transfer be achieved,
since considerable instability of the jet was observed in the more energetic regime,
and the ejected ink splattered on contact with the receiver substrate. Without the
additional solvent, the ink proved to be too viscous for thin-ﬁlm fabrication by spin
coating or wire coating. Therefore, the donor ﬁlms were thicker and did not form
a jet anymore. However, line features as small as about 20 μm could be deposited,
which showed conductivity after high-temperature curing of about 75% of the
speciﬁed value for conventional screen printing.
A further enhancement of the transfer pattern quality was obtained by using
designed silver nanoparticle (Ag NP) inks with signiﬁcantly increased viscosity [61,
62]. In the LIFT process, since the ink need not pass a small nozzle channel to
be jetted on the receiver, ink pastes with much higher viscosities and a higher
nanoparticle content can be employed, similar to that used for screen printing. A
paste of small colloidal Ag nanoparticles (size 3–7 nm) with a viscosity of ∼100 000
cP was used for printing pixel patterns and line structures with the third harmonic
emission at 355 nm of a Nd : YVO4 laser at ﬂuences of 8–40 mJ cm−2 . The donor
layer was coated with a 100–300 nm thick layer of the ink suspension and the
transfer gap was adjusted between 10 and 50 μm. Unfortunately, no information
is disclosed on the composition of the binder matrix of that Ag nanoparticle paste,
so that no conclusions can be drawn about the laser–ink interaction and the
energy conversion that results in well-deﬁned pixel deposits. It may be assumed
that the UV laser excites the quantum-size-effect-dependent absorption of the
Ag nanoparticles, inducing an LTHC that causes the thrust for the transfer by
decomposition of the thermocurable binder matrix. A thermal postdeposition
curing of the transferred patterns was carried out either by in situ laser treatment
(scanning with a 532 nm continuous wave (CW) laser) or in a convection oven at
200 ◦ C for 30 min. Since the deposited pixels showed clearly deﬁned edges without
debris and with a homogeneous shape morphology in correspondence with the
remaining ablated spots on the donor substrate, the method was called laser decal
transfer (derived from ‘‘decal,’’ which is a plastic, cloth, paper, or ceramic substrate
that has printed on it a pattern that can be moved to another surface on contact,
usually with the aid of heat or water). Conducting line structures were built either
by continuous deposition of individual pixels close to each other or by stacking

5.4 Laser-Induced Forward Transfer for the Fabrication of Devices

two layers to bridge gaps between pixels. The resistivity of such structures after
thermocuring was found to be up to about two times that of bulk silver. Even
freestanding, 25 μm long and 5 μm width bridging silver structures could recently
be deposited over microchannels by this approach [63].
However, since such nanoinks consist of more than only one component,
that is, the metal nanoparticle dispersion in the ‘‘wet’’ binder matrix one may
note that the mechanism of such a transfer process differs in principle from
the above-discussed basic LIFT technique where normally coatings of only one
material are used for transfer. Owing to the role of the thermodegradable binder
system, this application has some close analogy with the so-called MAPLE-DW
process discussed in Section 5.4.3.1. A suspension of Ag NPs was also used as a
laser-absorbing dynamic release layer (DRL) for the transfer of organic electronic
materials, as described later in Section 5.4.3.3.5) [64].
5.4.2.1.3 LIFT of Organic Materials
Since the entire transfer material itself is directly exposed to the laser radiation in
the basic LIFT process, the transfer conditions for the material to be deposited are
rather harsh with respect to thermal load and photochemical impact that may cause
structural alterations. As shown for metals, thermally induced phase transitions
may have a strong and often detrimental inﬂuence on the quality and homogeneity
of the transferred features, even when ultrashort laser pulse lengths are applied.
Therefore, mostly robust and heat-tolerant compounds, such as inorganic oxides,
ceramic, and dielectric materials were used for transfer studies. Nevertheless,
examples can be found in the literature where organic materials were deposited
successfully, but preferably by using ultrashort laser pulses in order to circumvent
detrimental heat diffusion within the donor material coating. For applications
where bulk properties of the transferred material are important, the decomposition
of a more or less ‘‘thin’’ top layer of the sensitive material may be acceptable, but
this is not the case for all applications, such as sensors, where the surface properties
of the layers are decisive.
LIFT of Small Organic Molecules The LIFT deposition of the pink-colored laser dye
Rhodamine 610 was investigated with the second harmonic emission of a Nd:YAG
laser at 532 nm [65]. When the transfer was carried out at low ﬂuences and in
vacuum over a gap of ∼15 μm, corresponding pink deposits were found on the SiO2
receiver surface, accompanied by black debris particles. As a check of the chemical
integrity of the transferred molecules, ﬂuorescence measurements were performed.
It was found that for a transfer performed in air the ﬂuorescence intensity was
only quite weak, whereas under vacuum conditions a moderate intensity could
be detected. Obviously, the thermal impact in an oxidizing atmosphere is rather
destructive to the chemical structure of the dye, but at low pressure and in an
oxygen-free environment a transfer seems feasible. Possibly, due to the reduced
pressure the thermal sublimation of dye molecules is facilitated, in analogy with
other thermal deposition techniques, such as chemical vapor deposition (CVD)
and also PLD, which are known to be applicable to the fabrication of thin-ﬁlm
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coatings of small organic molecules [66–68]. However, the ﬂuorescence intensities
after LIFT of the same dye component was signiﬁcantly higher when the transfer
was carried out with a modiﬁed donor substrate where the dye is coated on top
of an additional intermediate thin gold metal ﬁlm that absorbs the incoming
laser pulse. This modiﬁed metal-ﬁlm-assisted LIFT technique is discussed in
Section 5.4.3.3.3.
A LIFT-fabricated organic TFT device could be fabricated by depositing patterns
of the organic p-type semiconductor copper phthalocyanine (CuPc), which is
known as a chemically and photochemically robust metalorganic material [69]. The
UV–vis absorption spectrum of CuPc shows a band around 355 nm, giving rise to
absorption depth of about 85 nm of the corresponding emission wavelength of a
pulsed Nd:YAG picosecond laser. The LIFT deposition was achieved from 100 nm
thick CuPc donor ﬁlms on fused silica (Suprasil) at a ﬂuence of 100 mJ cm−2 ,
resulting in laterally well-resolved square deposits. Source and drain electrodes
have also been LIFT printed using a commercially available Ag NPs ink. The
electrical characteristics and parameters of devices fabricated by LIFT with CuPc
as active layer were not so far from devices made by conventional evaporation of
CuPc and silver electrodes.
LIFT of Carbon Nanotubes In close analogy with the very ﬁrst reported LIFT
deposition of black carbon ink recordings, carbon nanotubes (CNTs) as one further
carbon modiﬁcation were transferred to form functional patterned arrays that work
as ﬁeld emission cathode devices [70]. A precoated 20 μm thick ﬁlm of CNTs
with diameters ranging from 20 to 40 nm was used as the donor layer, which
was exposed to 10 ns pulses of a 1064 nm Nd:YAG laser. Arrays of 27 × 27 dots
were transferred to a conductive indium–tin oxide (ITO)-coated glass substrate
by using a 80 μm thick sieve-type through-hole contact mask with a grid pattern
of small holes. Donor, hole mask, and receiver were held in close contact during
the single-pulse laser irradiation at a ﬂuence of about 320 J cm−2 and in ambient
environment. After peel-off of the patterning mask a CNT dot array with sizes of
the single bump features of ∼10 μm was obtained. Such dot arrays with different
thicknesses of the deposited dots were tested as ﬁeld emission cathode devices
where a light emission could be demonstrated if a DC voltage up to 1100 V was
applied. Obviously, the ﬁeld emission properties were not suppressed by the laser
interaction of the CNTs during the transfer.
LIFT of multiwall carbon nanotubes (MWCNTs) dispersed in various
water-soluble polymer host matrices was studied recently with single pulses of the
frequency-quadrupled emission at 266 nm of a Nd:YAG nanosecond laser [71].
Polymer composites were prepared by dispersing two types of MWCNTs in either
poly(acrylic acid) or poly(vinylpyrrolidone). Owing to the inherent hydrophobic
properties of MWCNTs, chemically functionalized MWCNTs that bear carboxyl
groups on their surface were used to enhance the solubility in aqueous media,
and to avoid the well-known agglomeration and aggregation behavior of MWCNTs
in hydrophilic solvents. About 1.5 μm thick ﬁlms of the polymer/MWCNT
composites were fabricated by spin coating, which show a strong and broad
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UV absorption around 250 nm because of the electronic structure of the CNTs.
Only LIFT composite ﬁlms with the functionalized MWCNTs that are much
more homogeneously dispersed in the donor target matrix gave reproducible
deposits, whereas agglomerates of unmodiﬁed MWCNTs in the composite
donor ﬁlms resulted in an inhomogeneous local absorption distribution of the
laser energy, and therefore to discontinuous LIFT deposition results. Deposited
composite pixels with an MWCNT content up to 10% showed sufﬁcient electrical
conductivity. With the versatile variability of functional polymeric host materials,
laser-based direct-write deposition of conducting metal-free microstructures based
on designed composite materials has a broad potential for applications in organic
electronics and sensing device fabrication.
LIFT of Polymer Films Since polymers are macromolecular compounds that have
inherently high molecular masses they normally cannot easily be thermally evaporated or sublimed without substantial decomposition, even under ultrahigh
vacuum conditions. For photochemical, photothermal, or photophysical ablation
with laser photons the polymers need to have corresponding radiation-absorbing
chromophore moieties incorporated in the repeating units. Most of the common
commercial polymers have only a weak absorbance in the IR and visible domain. Absorption in the UV range induces electronically excited molecular states that often
induce the cleavage of chemical bonds, and lead therefore to polymer photodecomposition and degradation into various small fragments. Since the ﬁrst reports on
polymer ablation with UV lasers in 1982 [72], laser polymer processing has become
an important ﬁeld for various microfabrication applications, mainly for ablative
structuring and pinhole drilling. The main parameters that describe polymer ablation are the ablation rate d(F), that is, a certain ablation depth d obtained with deﬁned
applied laser ﬂuence F, and the ablation threshold ﬂuence Fth , which is deﬁned as
the minimum ﬂuence where the onset of ablation can be observed [73]. The linear
absorption coefﬁcient αlin (λ) represents the wavelength-dependent spectroscopic
absorption properties for a given ﬁlm thickness, determined under static irradiation
conditions with light intensities far below the ablation threshold. Many single-pulse
ablation processes can be approximately described by the following equation:

d(F) = αeff −1 ln(F/Fth )
where αeff represents the so-called effective absorption coefﬁcient for laser ablation,
which links as a wavelength-, material-, and process-dependent index factor the
observed ablation rate d(F) with the applied laser ﬂuence, and depends further inherently on the pulse length. All these parameters have to be taken into account when
a polymer ﬁlm is catapulted and deposited according to the LIFT method. However,
without further modiﬁcations, at least a part of the entire polymer layer has to be sacriﬁced for the generation of the pressure necessary for the LIFT process. If an appropriate amount of small molecular fragments are generated by ablative laser-induced
polymer decomposition close to the carrier substrate, the overlying part of the ﬁlm
can be forward ejected by the pressure buildup within the ablated volume. However,
the top surface of the LIFT-deposited ﬁlm will be modiﬁed or even damaged since it
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is the laser-exposed side of the donor target that gets partly ablated. Owing to the restricted parameter space and the sensitivity of polymeric materials, it proved rather
difﬁcult to ﬁnd optimum conditions for an ablative LIFT deposition of polymer
ﬁlms without chemical degradation or signiﬁcant deterioration of their physical
properties.
The direct LIFT transfer of entire thin ﬁlms of the conjugated polymer PEDOT:PSS, which is used as a conductive polymer coating in stacked electronic
thin-ﬁlm device architectures, was exemplarily studied with different laser wavelength and pulse durations [74]. About 300 nm thick polymer ﬁlms on glass or
fused silica carriers were used as donor targets and irradiated with 8 ns pulses of
an 1064 nm Nd:YAG solid-state laser. Owing to a certain absorbance in the IR, the
donor ﬁlm could be ablated from the donor carrier, but a pixel deposition onto the
receiver substrate could only be reached at higher laser ﬂuences that cause severe
traces of thermal stress and morphological surface alterations, and even damage
to the ﬂexible plastic receiver surface was observed. This indicates that only a part
of the laser radiation was absorbed by the ﬁlm, and the whole ﬁlm volume was
penetrated (and therefore heated) by the laser photons. With the second harmonic
of the same laser at 532 nm, the transfer was much worse because of the much
lower absorption of the ﬁlm in the visible radiation domain. Only 25% of the
incoming light is absorbed, and by that ablation of the ﬁlm from the donor was
only possible with quite high laser ﬂuences that destroyed the ﬁlm without getting
acceptable deposits. PEDOT:PSS is strongly absorbing at the 248 nm emission of
a UV excimer laser, and the LIFT deposition of well-deﬁned coherent pixels can be
performed at comparably low laser ﬂuences, however, only in a very small ﬂuence
range, and with loss of the electrical properties of the conjugated polymer due
to photochemically induced alterations. Trapped bubbles and pinholes in the deposited ﬁlm can be seen as an indicator of the formation of small volatile fragments
during laser ablation, which form a pressure pocket during irradiation of the ﬁlm
and diffuse into a thin polymer layer before it is forward propelled by the generated
thrust. In summary, direct LIFT of thin polymer ﬁlms proved difﬁcult to obtain
without substantially destructive side effects, and examples in the literature are
hitherto rare.
LIFT of Biogenic Materials Subpicosecond laser pulses of a modiﬁed 248 nm KrF
excimer laser were used to study the direct-write LIFT printing of microarrays
of entire biomaterials, such as DNA [75] and enzymes [76]. Since thermal effects
detrimental to the irradiated material can be kept much smaller with smaller laser
pulses compared to conventional nanosecond laser pulse durations, destructive
effects on the absorbing material are less prominent during the LIFT process.
Therefore, even delicate organic materials can be taken into account for LIFT
deposition. Dynamic multiphoton absorption effects may additionally contribute
to enhanced absorption properties of the irradiated material, and therefore to limit
the propagation depth of the incident laser pulse within the transfer material. With
such a reduced penetration depth and a much more locally restricted heat load,
a higher fraction of sensitive transfer materials suffers less intense effects caused
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by the laser impact, enhancing the probability that delicate material systems can
also be forward transferred without functional damage to their desirable properties. For microdevice fabrication, not only the quality of transferred patterns with
respect to local resolution, feature morphology, and homogeneity play an essential
role but also, in particular, the conservation of desired functional properties of
the deposited material systems. Therefore, a check of material integrity, physical
functionality, or activity after laser transfer is crucial to judge or even quantify
whether a successful transfer was obtained. For biogenic materials systems, sophisticated immunochemical indicators and highly speciﬁc probe reactions were
developed based, for example, on labeled antigen–antibody reactions or enzyme
activity measurements that can be performed with very low concentrations and at
microscale dimensions.
Horseradish peroxidiase (HRP) was used as a model enzyme for LIFT deposition [76]. In conjunction with hydrogen peroxide (H2 O2 ) as the chemically
active oxidizing agent, HRP efﬁciently catalyzes oxidation reactions. The presence
and enzyme activity of HRP can be made easily visible and detectable by spectrophotometric methods when, by such oxidation reactions, a colorless compound
(a leukodye) is converted into visible chromogenic product molecules that can then
be physically detected. In addition, in the presence of luminol as cosubstrate the
HRP-catalyzed oxidation results in a direct light emission by chemoluminescence
(428 nm). With appropriate experimental conditions, this allows a quantitative and
locally resolved measurement of the enzyme activity. By a corresponding staining
reaction after LIFT printing of HRP micropixel patterns with subpicosecond UV
pulses, it was demonstrated by confocal laser ﬂuorescent scanning that the enzyme
remained active after the LIFT process. However, in the referred paper no quantitative data are presented about the relation of enzyme activity before and post
transfer.
Transferring DNA material was also demonstrated with the application of
subpicosecond pulses of a UV laser [75]. Double-strand DNA molecules extracted
from lambda phage particles have been used as the test material. Before coating
on the donor support, the DNA strands were labeled with a ﬂuorescent dye
(Alexa 594) for detection by scanning laser confocal ﬂuorescence microscopy after
two-dimensional arrays have been LIFT printed. It could be shown that sufﬁcient
ﬂuorescence intensity could be detected from the deposited arrays. Electrophoretic
blot analysis of the DNA after an enzymatic restriction process showed a distribution
pattern quite similar to the single fractions without a signiﬁcant enrichment of
oligomeric compounds.
The LIFT printing was also studied for the enzyme luciferase as a further
biogenic material [77]. The enzymatic activity of luciferase is part of the chemical
cascade of the in vivo bioluminescence of ﬁreﬂies. A visible luminescence is emitted
when luciferase reacts with the substrate luciferin in the presence of oxygen and
adenosine triphosphate (ATP). A simple microsensor device for ATP microanalytical detection was fabricated, where, via the LIFT printing process, luciferase
pads were deposited in prefabricated 40 μm deep cavities of a polydimethylsiloxane
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(PDMS) chip on top of an integrated microphotodiode that can detect quantitatively the emitted luminescence. The third or fourth harmonic emission of a
Gaussian Nd:YAG laser (355 and 266 nm, respectively, with 10 ns pulse length)
were used with a focus spot of 100–300 μm at 2J cm−2 laser ﬂuence. For the
deposited luciferase spots, a good adhesion was found on the PDMS surface. The
bioactivity of the luciferace patterns transferred on the PDMS chip was investigated
by reacting the enzyme with ATP and luciferin. Patterns transferred at 266 nm
showed no luminescence activity, indicating that the enzyme functionality was not
preserved under these conditions. However, spots transferred at 355 nm exhibited
a yellow chemoluminescence, which showed almost identical spectrophotometric plots as not-transferred luciferase ﬁlms. Therefore, it can be concluded that
bioactivity is not seriously diminished during the transfer process. Measurements
of the photocurrent produced in the on-chip photodiode by the luminescence
reaction with ATP/luciferin test mixtures allowed the derivation of curves ﬁtting
to the classic quasi-stationary-state enzyme kinetic equations according to the
Michaelis–Menten model, and therefore a quantitative correlation necessary for a
potential ATP-sensing microdevice.
Since the traditional LIFT process involves a direct exposition of the entire
transfer material to the applied laser radiation, the method bears some crucial
intrinsic restrictions concerning the properties of appropriate materials that have
to tolerate a strong heat load. Thermally induced effects such as phase transitions
and thermomechanical strain, as well as photochemical processes, have to be
considered. For the LIFT deposition of metals, their thermoconductive properties,
melting behavior, and surface tension of formed droplets have an inﬂuence on the
morphology of deposits. The absorption coefﬁcient at a given wavelength deﬁnes
the permeation depth of the laser radiation within the material. Normally, smooth
metal surfaces have a high degree of reﬂectivity, and therefore only a minor
part of the applied laser photons is ﬁnally absorbed in a coating layer, whereas
other materials have only a weak absorbance or are even nearly transparent to the
incoming laser, so that thick layers are necessary for an efﬁcient interaction with the
laser. While evaporated metals can recondense again to atomic lattices, materials
with high molecular weights, such as polymers or biogenic materials, may melt on
laser irradiation, but a vapor formation necessary for an effective pressure buildup
for the forward ejection can only be reached by fragmentation and degradation
reactions either by thermolysis or photolytical cleavage of bonds, that is, only with
loss of the initial material composition and properties. Neither variations in the
emission wavelengths of the lasers from the far IR to the vacuum ultraviolet below
180 nm nor the application of ultrashort pulses down to the femtosecond regime
could circumvent the limitations associated with the direct laser exposure of the
transfer material coating. For that reason, various modiﬁcations of the original
LIFT process were developed. Most of the extensions concern setup alterations
of the donor system, either by speciﬁcally adding laser-absorbing intermediate
release layers or by embedding the transfer materials into an easily evaporable host
matrix.
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5.4.3
Modiﬁed LIFT Methods
5.4.3.1 Matrix-Assisted Pulsed Laser Evaporation Direct-Write (MAPLE-DW)
For MAPLE-DW, the transfer material is embedded in a laser-evaporable matrix
system, for example, frozen solvents or organic binders, and the laser is used to
vaporize the matrix. The donor substrate consists of a transparent carrier coated
with a suspension or dispersion of the particulate transfer material that can be either
powders or small particles, or even a suspension of biomaterials including viable
cells. The working principle of MAPLE-DW is outlined in Figure 5.4.3. By choosing
appropriately absorbing and volatile components for the matrix, the laser irradiation
(usually in the UV range) interacts preferably with the matrix components, which
are then vaporized to form the pressure necessary to propel the embedded transfer
material over a gap to the receiver. The liquid–vapor phase transition behavior and
ejection of thin superheated solvent ﬁlms have been investigated in detail with a
time-resolved laser imaging technique [78]. This approach allowed for determining
the generated pressures, the achievable superheating, and the relevant timescales
of the vaporization process [79].
However, there may be problems involved with a certain UV load to the
matrix-embedded transfer material due to absorption selectivity issues. Depending
on the grain size of particulate systems dispersed randomly within the matrix,
a high local resolution for depositing accurate patterns might also be restricted.
Further, compared to the metal donor ﬁlms in classic LIFT setups, MAPLE-DW
donor ﬁlms have typically a thickness of some micrometers, and if components of
the thick matrix are co-deposited there may appear problems with contamination of
the transferred systems. As a photodegradable polymeric matrix material, poly(butyl
methacrylate) was used, which tends to decompose into its monomer units when
exposed to UV irradiation below ∼250 nm wavelength.
MAPLE-DW was originally developed as a method to rapidly prototype mesoscopic passive electronic device components, such as interconnects, resistors [80],
and capacitors [1, 2, 81–84]. However, to obtain the functionality of the particulate
materials after deposition, often posttransfer processing steps are necessary to obtain device compatibility, such as laser sintering, thermal annealing for the bonding
Imaging lens

Laser beam

Transparent support

Transfer material (powder/particles, cells)
embedded in an absorbing target matrix
(frozen solvent or volatile organic binder)
Forward transfer induced by
evaporation of the volatile matrix

Acceptor substrate (receiver)

Figure 5.4.3 Working principle of matrix-assisted pulsed laser evaporation direct-write
(MAPLE-DW).
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of conductive powders, and especially laser trimming of blurred deposit borderlines
in order to get clear-cut structure edges [85]. A series of microcircuit demonstrator
devices were fabricated to study the electronic properties of such laser-deposited
submillimeter-sized passive device components, such as spiral inductors [86],
fractal antenna, oscillators made of resistive elements, and microcapacitors [2, 44,
87]. Two types of chemical sensors, surface acoustic wave (SAW) mass transducer
and chemiresistor devices were also fabricated by MAPLE-DW of a chemoselective
polymer (SFXA, a ﬂuoroalcoholpolysiloxane), and polyepichlorhydrin (PECH),
respectively [88]. Frequency response of MAPLE-DW and spray-coated SFXA SAW
resonators were quite similar when exposed in on–off cycles to the nerve agent
simulant dimethyl methyl phosphonate (DMPP) as test compound.
The use of a ‘‘liquid transfer vehicle’’ as the matrix for inorganic transfer
material powders was applied to add micropower storage devices onto printed
circuit boards (PCBs). Planar alkaline as well as lithium-ion microbatteries were
fabricated by applying correspondingly composed inks in the MAPLE-DW process
[89, 90]. In a similar manner, colloidal TiO2 pastes were used in donor substrates to
create on-chip PV microdevices based on dye-sensitized solar cell technology [91].
For the deposition of biogenic materials, MAPLE-DW contributed to the
progress in the fabrication of biodevices and sensors [92]. Solutions or suspensions
of active proteins, including enzymes and antibodies, could be laser deposited by
this method, and evidence for the conservation of the biologic activity of these
materials after transfer has been demonstrated [93]. Test assays consisting of
microarrays with different immobilized proteins were fabricated and their speciﬁc
antibody–protein binding capacity was checked by staining with ﬂuorescently
tagged complementary proteins.
For the fabrication of more demanding devices with delicate biomaterials such
as proteins and living cells, MAPLE-DW has been proved a promising approach
for LIFT deposition [94]. For the fabrication of the donor substrates, the biologic
materials were trapped at low temperatures in a frozen matrix of appropriate
solvents [95]. A series of studies were carried out with 193 nm ArF excimer lasers
since most organic compounds absorb strongly in the short UV range below 200 nm
[92, 93]. Therefore, the propagation depths (i.e., the optical length) of the laser can
be kept small, and only a small layer of the coated entire donor target is destroyed
by the laser radiation to deliver the propellant for the rest of the overlying donor
biocoating. However, most of the biologic materials do not tolerate corresponding
laser-absorptive organic solvents, but water as a completely biocompatible solvent
has no strong enough absorption coefﬁcient at 193 nm, so that the UV light can
pass through the frozen biomatrix layer and damage the embedded UV-sensitive
species. In order to circumvent the problem of low absorption of a frozen water
matrix, UV-absorptive water-based biocompatible matrix media systems were tested
(e.g., Dulbecco’s MatrigelTM ), which contribute to the volatilization of the biolayer
on rapid laser heating and form a vapor pocket that provides the thrust for the
catapulting process [96]. This approach allowed transferring, for example, living
rat cardiac cell arrays and stacks into a biopolymer matrix with near-single-cell
resolution. In addition, patterns and even three-dimensional structures of living
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Figure 5.4.4 Scheme for laser molecular implantation (LMI) PBMA, poly(butyl methacrylate); PEMA, poly(ethyl methacrylate).

cells have been formed by MAPLE-DW. Various eukaryotic as well as prokaryotic
cells grown in a corresponding culture medium matrix were transferred with the
pulsed laser onto the receiver surface. Depending on the size of the focus area small
cell groups from the culture could be optically selected and accurately deposited
as patterns of dissected individual cell conglomerates. Bioassays and ﬂuorescent
protein marking demonstrated a high degree of viability of the cells after laser
transfer into appropriate growth media. Tailored codeposition of various cell types
allows not only applications for tissue engineering but also the integration of
combined native cells for the fabrication of biosensor and detector devices.
5.4.3.2 Laser Molecular Implantation (LMI)
A further technique for the laser transfer of molecular compounds is LMI. The
scheme of LMI is shown in Figure 5.4.4, and illustrates a certain correspondence
to the setup for VPLD as depicted in Figure 5.4.2B. For LMI, a laser beam, which
may be shaped by a mask, passes through a transparent substrate coated with only
a weakly absorbing polymer layer (the target ﬁlm as e.g. poly(butyl methacrylate),
PBMA, or poly(ethyl methacrylate), PEMA) that is in contact with an absorbing
polymer ﬁlm containing the molecules that should be implanted, for example,
ﬂuorescent probes such as pyrene [97–99] or photochromic molecules [100].
The laser then decomposes preferentially the absorbing polymer matrix into
small fragments, resulting in a pressure jump that assists the implantation of
the embedded probe molecules into the nonabsorbing polymer ﬁlm. A highly
UV absorbing and distinctly photolabile triazene polymer used as the absorbing
polymer matrix of the pyrene-doped source ﬁlm on laser irradiation at 355 nm
decomposes in a deﬁned manner into small volatile fragments [101]. It was
possible with this approach to implant pyrene with a resolution given by the
mask into the target polymer with a depth of some few tens of nanometres. The
disadvantage of this method is the limited number of available polymers with
a high transparency and a quite low glass transition temperature Tg . A low Tg
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makes the implantation of the transferred molecules more efﬁcient because of a
controlled softening of the target ﬁlm by a heat-induced phase transition triggered
by the pulsed laser irradiation. However, implantation was only possible with a
maximum depth <100 nm. In later studies, phthalocyanine [102] and coumarin
C545 and C6 were implanted in an analogous manner, and in the process now
called laser-induced molecular implantation technique (LIMIT) [103, 104].
5.4.3.3 Layered Donor Systems with Intermediate Absorbing Films
Again, progress in the development of LIFT-based material deposition techniques
was stimulated by process optimization in printing applications. The very ﬁrst LDW
image recordings used mostly black pigments and dyes for printing purposes, which
were directly compatible with the use of IR solid-state and diode lasers because
of their corresponding inherent strong absorption. However, laser-absorbing black
pigments, such as carbon black, graphite, and metal oxides, which work as black
body absorbers in conjunction with common near-infrared (NIR) lasers, are not
compatible for printing other colors. To enhance the interaction of the laser with the
imaging medium layer on a color donor sheet, ‘‘colorless’’ IR-absorbing dyes with
substantially no absorption in the visible area were used as colorless sensitizers.
Such IR absorbers convert the laser light to thermal energy and transfer the
heat to the colorant imaging layer, which then gets ablated and transferred to the
receiving element. The laser-induced ablation-transfer imaging process entails both
complex nonequilibrium physical and chemical mechanisms. The ablation transfer
is triggered by the rapid and transient accumulation of pressure within or beneath
the mass transfer layer, initiated by laser irradiation. Various factors contribute
to such a laser-triggered pressure accumulation, such as rapid gas formation via
chemical decomposition combined with rapid heating of trapped gaseous products,
evaporation and thermal expansion, and, in addition, propagation of shockwaves.
The force produced by the immediate release of such pressure has to be sufﬁcient
for a complete transfer of the exposed area of an entire layer rather than the partial
or selective transfer of components thereof. This is the particular difference of laser
ablation transfer (LAT) from other material transfer imaging techniques based on
equilibrium physical changes in the material, such as thermal melt transfer and
dye sublimation-diffusion thermal transfer, where laser-addressed local heating is
also employed. For all techniques, the formulation of the ink with an appropriate
binder system plays an essential role. For thermal melt transfer applications the
composition must contain low melting binder materials, whereas for laser-ablation
transfer imaging the binder needs to consist of easily heat-decomposable and
thermolabile components that form volatile degradation products when heated.
Former laser imaging recording processes that use self-oxidizing binders in
conjunction with black absorber pigments as light-to-heat converting initiator
components that trigger the blow-off reaction have already been mentioned in
Section 5.4.2.1.1. As a further development, in 1992 a patent disclosed the combination of efﬁciently thermocleavable polymer binders doped with colorless IR
ablation sensitizers as thermotriggered release system for LAT color imaging [105].
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Figure 5.4.5 Scheme for laser ablation
transfer imaging. In setup (a), the infrared
absorbing compounds are formulated together with the coloring agents into the
same binder matrix, forming a single-donor
coating layer. The IR ablation sensitizers convert the near-infrared laser radiation into
heat within the entire ﬁlm. For setup (b), a
thin intermediate metal layer is added between the carrier and the imaging coating

that partially absorbs the incoming NIR radiation. Owing to its higher absorption the
metal layer acts as an efﬁcient thin-ﬁlm heat
converter that deposits the thermal stimulus
for the decomposition of the overlying color
coating in a much smaller volume close to
the substrate interface, enabling a more deﬁned ablation transfer behavior already at
lower threshold ﬂuences.

Tailor-made, thermocleavable polycarbonates and polyurethanes with low equilibrium decomposition temperatures around 200 ◦ C were used as the binder, which
was doped with CyasorbTM IR 165 dye as the IR-absorbing sensitizer. To this
functional binder matrix, commercial gravure color ink formulations containing,
in addition, nitrocellulose as a self-oxidizing component, were added. Absorption
of IR laser radiation by the ablation sensitizers causes a local heat accumulation
that initiates the decomposition of the thermolabile binder matrix together with
the ignition of the blow-off reaction of the self-oxidizing binder compound. The
principle of LAT imaging is outlined in Figure 5.4.5a. Both the imaging dye
composition and the IR ablation sensitizers are homogeneously formulated within
the heat-degradable polymeric binder matrix, forming a single donor layer. On IR
laser exposure, the binder matrix decomposes into small evaporable fragments that
build up the local transient pressure to propel the imbued colored agents toward
the receiver sheet.
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The mechanism of LAT was investigated in detail by time-resolved ultrafast
microscopy, where propelling speeds of the ejected coating of at least Mach 0.75
were observed [106]. With an optical absorption coefﬁcient α of about 12 000 cm−1
at 1064 nm for such a typical color coating, the optical propagation length 1/α of
the lR photons within the absorbing layer is in the range of ∼850 nm, which is
in the same dimension as the donor layer thickness of around 1 μm useful for
LAT imaging applications. A model calculation for such an absorber-sensitized
system resulted in estimated heating rates dT/dt as high as 109 ◦ C s−1 and an
ablation temperature above 600 ◦ C for transient nonequilibrium superheating
conditions during laser irradiation. When the coating material was irradiated
above a well-deﬁned threshold ﬂuence of around 60 mJ cm−2 , essentially complete
material transfer occurred provided that the pulse duration is shorter than ∼200 ns,
the time interval required for substantial heat transfer into the substrate. LAT made
it possible to produce high-resolution full-color graphic images at comparably high
printing speeds, demonstrating its potential as a versatile dry mass transfer method
for also printing functional materials in direct-to-circuit-board device fabrication
applications.
5.4.3.3.1 Laser Ablation Transfer (LAT) with a Metallic Release Layer
A signiﬁcant improvement in the LAT process could be achieved by a further modiﬁcation of the donor substrates, according to Figure 5.4.5b. The original LAT setup
for color imaging applications uses organic NIR absorber dyes as ablation sensitizer
dopants for the heat generation within the irradiated coating (corresponding to
Figure 5.4.5a). Since only a certain maximum dopant concentration can be added
to the binder matrix beside all other essential components, the NIR absorption of
the whole coating stays rather small, even when the IR dyes themselves have a high
speciﬁc absorption. As a consequence, the incoming NIR photons can propagate
far into the coating until they are quantitatively absorbed, so that comparably
thick coatings are necessary for a complete absorption of the laser radiation, and
the LTHC process runs distributed within the whole ﬁlm thickness. As already
mentioned in the section on LIFT of metal ﬁlms, metal absorption properties are in
general superior to other material classes because of their characteristic electronic
structure that allows optical excitation with high yields and in a wide spectral range.
However, the absorption coefﬁcient α is wavelength dependent and usually smaller
for NIR radiation compared to UV excitation. While near-UV radiation is completely
absorbed usually in a thin skin layer of some tens of nanometres (e.g., ∼10 nm
for Al at 308 nm, corresponding to an absorption coefﬁcient of ∼106 cm−1 ) [107],
NIR radiation has a slightly higher penetration depth in the range up to ∼50 nm.
But even when metals have a high absorption, they have at the same time a high
degree of inherent reﬂectivity that causes crucial losses by back reﬂection, which is
a disadvantage at least with respect to the high cost of laser photons. Nevertheless,
thin metal layers can act as efﬁcient light-to-heat converters, which can also be
easily ablated and vaporized with a high relative increase in volume.
The improved LAT donor ﬁlms include a thin metal ﬁlm as a DRL, as outlined in
Figure 5.4.5b. An ultrathin vapor-deposited aluminum ﬁlm layer with a thickness
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of only ∼3 nm was used in the ﬁrst study on the effect of such a metallic interlayer
on the LAT imaging process [106]. Such an ultrathin Al layer represents a partially
transmitting and partially absorbing interlayer (apart from the inherent reﬂection
losses mentioned above). With stationary low-intensity irradiation at 1064 nm,
such ﬁlms show a reﬂectivity of ∼27% of the incident light, a transmission of
∼33%, and therefore a fraction of absorbed light of about 40%, which corresponds
to an absorption coefﬁcient α of about 3 × 106 cm−1 at 1064 nm. However, all
these values may be affected dramatically during pulsed laser irradiation due to
temperature effects and phase transitions induced by ultrafast superheating, but
with such a thin DRL, the threshold ﬂuence for ablation is reduced by nearly 50%,
and the ablated spots show a better shape. The ablation mechanisms involved in the
DRL-assisted LAT process are complex, since the thin metal ﬁlm itself absorbs only
a part of the incident radiation, whereas the remaining part gets absorbed by the
coating layer containing an IR sensitizer dye. Therefore, LTHC takes place within
both layers, resulting in rapid heating of the metal DRL, which helps to reach the
decomposition temperature necessary for the ablation of the thermolabile polymer
binder matrix within a much more conﬁned part of that layer close to the carrier
interface. Hence, the transient pressure jump is generated more efﬁciently and
more localized in a substantially smaller volume, which leads to a more controllable
propulsion, and, ﬁnally, to a more homogeneous ejection of the overlying coating.
Since the ultrathin DRL has a much higher absorption coefﬁcient α compared
to the sensitizer dye-doped coating, the LTHC process on a laser pulse results
in a completely different temperature proﬁle along the thickness of the overlying
coating if the DRL is present. The threshold temperature for ablative decomposition
is reached earlier and in a more conﬁned zone so that the ejection process starts
before the thermal diffusion during the pulse length reaches the top surface of the
overlying coating. Therefore, a part of the coating stays ‘‘cold’’ (i.e., preserved from
phase changes) and even shielded from the incident laser irradiation and can be
propelled off without severe modiﬁcations.
Time-resolved ultrafast optical temperature measurements were performed for
the DRL-free LAT imaging ﬁlm exploiting the ‘‘molecular thermometer’’ of the IR
absorber dye Cyasorb IR-165, which changes its absorbance coefﬁcient in the visible
range linearly with increasing temperatures [108]. The time-dependent transmission at 633 nm was measured at the onset of ablation triggered with the 1064 nm
laser, and the peak temperature of the doped binder just before LAT starts was
found to reach about 600 ◦ C [109]. This is somewhat less than the melting temperature of aluminum (660 ◦ C), and, indeed, electron microscopy inspection of ablated
spots of donor ﬁlms with an intermediate aluminum DRL showed that the Al metal
ﬁlm itself was not completely ablated, even when the metal layer obviously was
temporarily molten, but not substantially vaporized. This can be attributed to the
higher absorption coefﬁcient of the thin metal ﬁlm, which then acts more efﬁciently
as a conﬁned LTHC layer that creates a local hot spot that overshoots the thermochemical decomposition temperature for ablation of the thermolabile binder. A
later study by secondary ion mass spectrometry (SIMS) analyses of the transferred
pixels on the receptor surface revealed that aluminum residues are codeposited
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with the imaging inks. This ﬁnding is consistent with the observed phase transition
of the remaining spots of the aluminum DRL on the donor after irradiation.
Also, already in 1993 the same authors reported a study on the effects of laser
pulse length in the LAT process. Instead of 150 ns pulses of a common solid-state
laser, they used 23 ps duration pulses generated by a Kerr lens mode-locked
(KLM) 1064 nm laser [110]. It was found that the threshold ﬂuence of ablation
for donor ﬁlm systems with a DRL of aluminum was reduced to 1/10th of that
observed with nanosecond pulses (i.e., from 80 to 8 mJ cm−2 ). Using the immense
instantaneous peak powers of picosecond duration pulses, ablation can be induced
at a lower ﬂuence through vaporization of the thin Al interlayer. Vaporization
of the metallic layer is intrinsically a more effective ablation method compared
to the ablation of polymeric binders, because the relative increase in volume on
vaporization is considerably larger (due to ‘‘atomization’’ of the metal layer) than
for organic coating materials. The heating rates dT/dt of the Al layer observed
with the picosecond laser were on the order of 1014 ◦ C s−1 (i.e., about 5 orders of
magnitude higher than for nanosecond pulse irradiation). Therefore, with respect
to the ultrashort timescale of optical heating, heat diffusion effects via thermal
conduction to the adjacent carrier and coating material within the irradiated spot
are much less relevant, and the Al layer can reach and exceed the boiling point of
Al, 2467 ◦ C, already at low ﬂuences just below the ablation threshold. The spatial
distribution of heat in the dimension along the axis of propagation of the laser
pulse differs essentially from the heat proﬁle generated by about 1000 times longer
nanosecond laser pulses with the same power density, where temperature losses
by heat diffusion prevent the Al layer from immediate vaporization.
A similar color printing technique called laser thermal transfer was described,
which is based on laser heating performed with 100 mW diode lasers with an
emission wavelength of 825 nm and used in a modulated pulsed manner with
tunable pulse durations in the range up to tens of microseconds [111]. For the
donor ink sheets, a 1.8 μm thick light-absorbing layer consisting of an NIR absorber
dye (a commercial bisaryl nickel complex, PA-1006 by Mitsui Chemicals Inc.) with
a λmax at 870 nm dispersed in a polycarbonate binder matrix was coated on top
of a transparent base ﬁlm, in close analogy with Figure 5.4.5b. As the coloring
layer, sublimation dyes with melting points around 150 ◦ C were coated by vacuum
evaporation. Depending on the exposure time deﬁned by the individually modulated
pulse duration, increasing amounts of the sublimation dyes were deposited, when
the donor ﬁlm and receiver medium are in contact. Laser beam spots with a
diameter of 25 and 3 μm were used to print image structures, and a resolution of
2540 dpi (corresponding to a single dot size of about 10 μm) has been reported.
However, with a transfer gap of 25 μm between the donor and receiving sheet, a
threshold pulse length of more than 30 μs was necessary for a transfer of the ink
layer. Obviously, it needs a certain time with a given heating rate to obtain the
critical temperature level for an ‘‘explosive’’ release mechanism similar to the LAT
imaging systems with thermolabile binders, even if the timescale of laser exposure
is in the multimicrosecond order, and both mechanisms, dye vaporization and
ablation, may contribute to the transfer.
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An evaporated black aluminum DRL in combination with an additional layer
of an energetic polymer is claimed in a US patent for printing applications, and
called laser propulsion transfer [112]. Mixed oxides of aluminum were vapor coated
onto a carrier ﬁlm as the DRL. On laser-induced heating, the black aluminum
is exothermically oxidized to Al2 O3 , which is colorless, and serves at the same
time as the initiator for the decomposition of the energetic polymer coating. The
use of thermolabile gas-generating decomposing materials in conjunction with a
laser-absorbing DRL allowed improving the efﬁciencies and speed of the printing
process. Gas-producing polymers are known, for example, as energetic components
of solid rocket propellants. Such polymers are composed of repeating units with
nitrogen-containing precursor groups (such as azido, nitro, or triazole moieties),
which on heat exposure can split off molecular nitrogen gas (N2 ) during thermal
decomposition, resulting in a signiﬁcant volume expansion by the formed gaseous
products. If such gas-producing polymers have a thermally available nitrogen content greater than about 10 wt%, they can serve as excellent propellants for thermal
mass transfer operations. Examples of such energetic polymers, which exothermally decompose and form a large amount of gaseous products when heated
above a certain threshold temperature on the millisecond or microsecond scale,
are glycidyl azide polymer (GAP), poly[bis(azidomethyl)]oxetane (poly-BAMO), and
polyvinylnitrate (PVN). Chemical structures of some nitrogen-rich polymers are
shown in Figure 5.4.7. Such polymers were also studied in designed solid fuel
tapes for diode laser-driven microthrusting devices for the propulsion and steering
of ultralightweight minisatellites [113–115]. Owing to the involved exothermal
decomposition processes, only low laser power densities are necessary to ‘‘ignite’’
the blow-off reaction, and therefore comparably high writing speeds of more
than 50 m s−1 are possible with focused spots of common IR lasers on appropriate drum printing systems with galvanometric scanners. However, since most
printing processes are performed in a direct-contact mode, it is difﬁcult to differentiate whether the heat-induced mass transfer process corresponds to a LIFT
mechanism or rather to a melt-type thermal transfer printing method with the
laser as the fast-performing point heat source. Nevertheless, with the upcoming
high-power semiconductor laser sources, new optical printing heads for miniaturized high-deﬁnition digital imaging applications based on laser-induced thermal
transfer systems have been developed with printing resolutions above 3000 dpi
[116–118].
5.4.3.3.2 Inorganic Materials as Absorbing Release Layers
A different concept of a laser-absorbing layer that contains volatile atoms that can
be immediately released on laser heating was used to transfer 100 nm thin Al ﬁlms.
Hydrogenated amorphous silicon (a-Si:H) ﬁlms formed on UV transparent quartz
substrates were irradiated with 308 nm pulses of a XeCl excimer laser [119]. Films
with a thickness of 50 nm and with a concentration of hydrogen atoms of 10 at.%
were used as laser-responsive DRL, which transferred the top-coated Al layer at a
laser ﬂuence of 200 mJ cm−2 . When the a-Si:H-ﬁlm is rapidly heated during the
laser irradiation, the internally trapped hydrogen is liberated by explosive effusion
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and provides by adiabatic expansion the pressure for the propulsion of the Al ﬁlm.
With respect to device fabrication applications, microstructured arrays of Al metal
lines were deposited by preparing corresponding mask-patterned targets with a
target–receptor separation of 125 μm. However, similar to direct LIFT of aluminum
and other metals, the transferred Al structures also show some irregularities by
splashing and splattering when transferred by the hydrogen-assisted LIFT method.
Cleaner transferred features were observed when this method was used to deposit
Si structures directly obtained by fully laser melting the entire a-Si:H propellant
ﬁlms at higher ﬂuences [120–122].
5.4.3.3.3 Metal Films as Absorbing Release Layers
The interaction of short-pulse laser radiation with metals causes a complex cascade
of dynamic nonequilibrium excitation processes that ﬁnally lead to the thermalization of the absorbed laser light. Absorbed laser photons excite the conducting band
electrons with subsequent energy relaxation, that is, the energy transfer from the
hot electrons to the lattice vibrations due to the electron–phonon interactions and
the electron heat conduction from the irradiated surface to the bulk of the target
[123]. The propagation depth of the incoming laser photons in metals is small only
because of the high (wavelength-dependent) absorption coefﬁcients α(λ) and covers
generally only a skin depth of some tens of nanometers or less. Depending on the
electronic structure of the individual metals, the thermophyiscal properties, including their temperature-dependent changes, differ crucially, which has to be carefully
taken into account for the design of sophisticated laser ablation applications. A
dominating effect has the strength of the electron-lattice energy exchange, that
is, the electron–phonon coupling that deﬁnes the temperature-dependent electron
relaxation times. An electron–phonon coupling factor G has been derived from
theoretical calculations and pump-probe experiments that reﬂect some aspects of
the different ablation behavior of various metals in addition to their different physical properties, such as density, melting and boiling temperatures, heat capacity,
as well as thermal and electrical conductivity. A high value of the electron–phonon
coupling factor reﬂects an efﬁcient energy transfer from the excited electrons in a
nonequilibrium thermal distribution to the lattice. The ﬁnite time for the energy
equilibration with the metal lattice is called the electron–phonon relaxation time τc .
For metals with high values of the electron–phonon coupling factor G, the corresponding relaxation (or thermalization) time τc is shorter than for metals with low
G values, with a typical range of τc between 0.8 ps for gold and 0.05 ps for titanium.
For laser pulse durations shorter than the thermalization time τc , the electron
distribution in the irradiated metal layer is a nonequilibrium state with a transient
electron temperature much higher than the lattice temperature. Therefore, with
appropriate femtosecond pulse durations below the corresponding τc , metals can
be ablated in a much more controlled manner since side effects caused by thermal
conduction are much less prominent compared to longer pulse durations where
a heat transfer to the metal lattice takes place. Table 5.4.1 compiles characteristic
thermophysical properties of some metals typically used as absorbing DRLs.
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Relevant thermophysical properties of some representative metals used as
absorbing DRL [51, 123].

Table 5.4.1

Electron conﬁguration
Melting temperature (◦ C)
Boiling temperature (◦ C)
Thermalization time τc (ps)
Skin depth (nm)a
Electron–phonon coupling
factor G (1017 W m−3 K−1 )b
a
b

Aluminum
(Al)

Gold
(Au)

Chromium
(Cr)

Titanium
(Ti)

3s2 3p1
660
2450
0.55
15
2.45

5d10 6s1
1063
2970
0.8
4
0.3

3d5 4s1
1875
2665
0.1
9
4.2

3d2 4s2
1668
3260
0.05
19
∼130

For 800 nm irradiation.
At room temperature.

The electronic structure of the metals contributes to the thermophysical properties. It has obviously an inﬂuence, whether the electron conﬁguration corresponds
to a free electron gas model or if the d bands of transition metals are almost ﬁlled
or less than half ﬁlled. The strength of the electron–phonon coupling depends on
the electron temperature, and can either increase (Al, Au, Ag), decrease (e.g., for
Ni, Pt), or exhibit nonmontonic changes (Ti) with increasing electron temperature
[123]. Therefore, the strong temperature dependencies of the electron–phonon
coupling have to be taken into account in the interpretation of experimental data
obtained under conditions when the transient values of the electron temperature
undergo signiﬁcant variations, as this is undoubtedly the case during laser ablation
and LIFT conditions.
Gold ﬁlms with a thickness up to 500 nm were tested in a LIFT study for
the transfer of the laser dye Rhodamine 610 on SiO2 substrates with the second
harmonic emission at 532 nm of a Nd:YAG laser [65]. In the same study, the
laser dye was directly transferred without an intermediate metal layer, as already
mentioned in Section 5.4.2.1.3. Measurements of the ﬂuorescence activity were
used as an indicator for conservation of the dye functionality. Best results with
respect to the ﬂuorescence intensity after LIFT deposition of dye spots with a
diameter of about 200 μm were obtained with a thickness of the base gold ﬁlm
of 50 nm and in vacuum and with a rather low laser ﬂuence of ∼50 mJ cm−2 .
Under these conditions, the gold ﬁlm is about two to three times thicker than
the estimated optical absorption length (the so-called skin depth) of around 20 nm
for 532 nm irradiation. Thicker gold ﬁlms needed higher ﬂuences for ablation,
and the transferred laser dye on the acceptor substrate was found to have a less
intense ﬂuorescence response and was covered by evaporated gold. When the
transfer was carried out in vacuum, the results were signiﬁcantly better compared
to experiments in ambient atmosphere, and the shape and morphology of the
deposited spots were much more deﬁned.
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In combination with fast-imaging techniques, the laser-induced ﬂuorescence of
gold atoms was also used to visualize the time-resolved dynamics of the ejection
process during LIFT propulsion [124]. Thin gold ﬁlms (20, 100, and 500 nm in
thickness) evaporated on fused silica substrates were irradiated by a pulsed dye
laser at 440 nm (∼9 ns pulse width), and the temporal and spatial distribution of
the ablated species from the ﬁlm were observed by imaging of the ﬂuorescence
emission at 627.8 nm after excitation by a probe laser beam (268 nm). In vacuum,
the velocity of an ejected cloud of vaporized gold atoms exceeds 2 × 103 m s−1 ,
whereas emissive particles or droplets reached a speed of around 100 m s−1 . When
an acceptor substrate was placed in front of the donor ﬁlm at a distance of either
70 or 500 μm, a reﬂection of the ejected species was observed. This indicates that
the conditions of the mechanical impact also play an essential role in the LIFT
deposition process, and the velocity of the collision of the catapulted ﬂyer with the
receiving surface has to be optimized in order to get sufﬁcient adhesion. Owing to
the gas resistance under atmospheric conditions, the ejection speed is slower, but
always accompanied by a shock wave in the gas phase, which may cause similar
detrimental effects when reﬂected at the receiver surface (Section 5.4.3.3.6).
Red and green phosphorescent powders were deposited by the DRL-assisted
LIFT method with a KrF excimer laser (248 nm emission, 25 ns pulses) using an
intermediate 100 nm thick sputtered gold ﬁlm [125]. In order to form a donor layer
of the phosphorescent powders on top of the basic gold release layer, they were
coated according to the concept of MAPLE-DW mentioned in Section 5.4.3.1 as
a suspension (with glycerol and isopropanol as the solvents) by electrophoretic
deposition, resulting in a wet viscous powder layer with a thickness of ∼10 μm.
On irradiation, the absorbing gold layer gets vaporized and the powder suspension
with the high-boiling glycerol is catapulted over a gap of 25 μm onto the receiver.
Interdigitating pattern arrays of green and red ﬂuorescent powder deposits with
a diameter of ∼50 μm each were deposited and their emission spectroscopically
characterized by cathodoluminescence (CL) measurements. The emission spectra
of the transferred powder were identical to the corresponding CL measurements of
the donor layer. The conservation of the functionality and the precise deposition of
light-emissive materials as small pixels are of general interest for color screen and
display device applications. However, there might be some technical restrictions
for this approach for potential device integration since the transferred spots are
obviously contaminated with codeposited small gold droplets that might impair the
device performance.
In order to circumvent the codeposition of the metallic release layer, a modiﬁcation of the MAPLE-DW process has been reported for the deposition of phosphor
pastes by laser heating [126]. Instead of a thin metal ﬁlm, a 200 μm thick stainless
steel sheet is used, on which arrays of hemispherical blind holes with a diameter
of 300 μm were etched. These cavities were ﬁlled with a viscous paste of the
phosphorescent powders and served as locally resolved donor dots for the LIFT
process. The binder matrix consisted of ethyl cellulose and organic solvents with
boiling points between ∼120 and >200 ◦ C. On laser exposure of the back of the
steel sheet, the powder mixture gets ejected because of the fast evaporation and
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bubble formation of the superheated solvents that form a jet. With the appropriate
paste composition and laser heating conditions the stream of the phosphor paste
is ejected as a spray, which is deposited as a regular plaque onto the receiver.
This speciﬁc LIFT modiﬁcation has been named laser-induced thermal spray printing
(LITSP).
Thin metal ﬁlms were also introduced as laser-absorbing layers in donor systems
for the transfer of biomaterials. The requirement of strictly biocompatible matrix
systems and the weak absorption of water-based matrix media has been mentioned
in Section 5.4.3.1. With respect to the short propagation depths of UV laser
photons in a metal layer (the so-called optical skin depth), only ultrathin absorbing
interlayers of 35 nm for gold and 75 nm for titanium were found to be necessary
as efﬁcient energy conversion layers for the gentle transfer of various biomaterials
embedded in common water-based matrix media with a frequency-quadrupled
Nd:YAG laser (266 nm) [127]. Also, 85 nm thick ﬁlms of biocompatible TiO2 as
UV-absorbing compound had the same effect of preserving the biomaterial from
direct laser interaction and of providing a rapid LTHC that contributes to the fast
vaporization of the adjacent part of the overlying water-based biomatrix to build up
the catapulting pressure. By choosing the appropriate combination of laser ﬂuence,
pulse duration, and ﬁlm thickness the propagation of the laser photons stays
restricted to the optical length within the metal layer, whereas the generated heat
can propagate (i.e., the thermal penetration) without further signiﬁcant ablation
into the much thicker aqueous bioﬁlm causing local vaporization. By that, the
ejection process for the transfer includes a different forward-ablation mechanism,
which is more in analogy with the IR-absorbing light-to-heat converting DRL
systems discussed in Section 5.4.3.3.1. Instead of the ablation of the entire donor
ﬁlm, a forward jetting of the viscous biomatrix is achieved, which allows a more
precise deposition of droplet-like features. In a series of papers, this method was
referred to as ‘‘biological laser printing’’ (BioLPTM ) [128] and the adjacent deposition
of multiple cell types and accurate large-scale cell arrays are demonstrated, useful
for potential applications in biodevice and minisensor fabrication as well as for
tissue engineering [129].
Radiation-absorbing titanium layers of about 50–60 nm thickness have been also
used in a LIFT setup to successfully deposit droplet-like microbumps of viscous
DNA dispersions with the 355 nm emission of a frequency-tripled Nd:YAG laser
[130]. The same setup was then also used for the precise spotting of microdroplet
arrays of a puriﬁed bacterial antigen, which conserved its immunological reactivity
after having been transferred [131]. For biodevice fabrication, where tiny amounts
of delicate materials have to be manipulated, this modiﬁed LIFT approach opens
up a promising oriﬁce-free and noncontact deposition technique for the gentle and
accurate direct-write of ‘‘bioinks’’ [132–134] with appropriate rheological properties
for droplet formation during the laser-triggered jetting process [135–141]. The
experimental results with an intermediate metallic absorption layer are clearly
superior with respect to droplet morphology and resolution to an earlier approach
called light-hydraulic effect (LHE), where viscous black printing inks were similarly
forward ejected by direct IR laser exposure [142].
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A series of bio-LIFT experiments were also reported with ∼50 to 100 nm
thick silver layers as radiation absorbers in conjunction with 248 nm pulses
(30 ns duration) of a KrF excimer laser, and referred to as absorbing ﬁlm-assisted
laser-induced forward transfer (AFA-LIFT) [143]. Without an embedding matrix, dried
conidia of the fungi Trichoderma were transferred over a gap of 1 mm in a laser
ﬂuence range between 35 and 355 mJ cm−2 [144]. Various mammalian cell types
were tested with this LIFT approach, which survived the transfer process even when
acceleration of the cells in the jetted droplets reached approximatively 107 × g [145,
146]. It was observed that for all ﬂuences above the transfer threshold the silver
layer was completely ablated, leaving a transparent hole on the donor substrate.
Therefore, it has to be assumed that silver residues are codeposited together with the
biomaterial. Even when ﬁrst microscopic inspections revealed obviously no visible
metal droplet contamination of the deposited biospecies, submicrometer-sized Ag
particles (250–700 nm) have been detected later in a more detailed study on the
amount, size, and local distribution of such metal precipitations [147]. Since it
is well known that dispersed silver particles have distinctly biocidic effects, such
codeposited residues of the metallic absorber layer may restrict the viability or
functionality of transferred biomaterials, for example, in biosensor devices.
Ejection of biomaterial-containing microdroplets onto bioassay chips was recently
studied with absorbing ultrathin (10 nm) gold layers with 15 ns and 500 fs pulses of
a 248 nm excimer laser system [148–150]. With the same transfer layer thickness
of a viscous glycerol/phosphate-saline-buffer solution and with the same incident
laser ﬂuence, smaller droplets were deposited over a gap of 20 to 1000 μm with the
femtosecond pulses. Although the threshold energy was lower for the femtosecond
laser pulse transfer, both laser pulse regimes could be used for the pattern transfer
with a model protein (Avidin) without signiﬁcant deterioration of its functionality,
as was shown by a key–lock reaction with Biotin as the complementary ligand.
However, with nanosecond pulses the distance for transfer is longer than in the
case of the femtosecond laser system, obviously due to a different jetting behavior.
However, the size of the deposited droplets depends also on the dimensions of the
laser beam, its ﬂuence, and further, the composition of the transfer layer (e.g., the
glycerol content) that inﬂuences the rheological behavior as well as the wettability
of the accepting surface play an important role.
A very similar setup with 40 nm thick Cr ﬁlms as the radiation-absorbing layer
has recently been reported for the LIFT deposition of biotin dispersion microarrays
with a 266 nm solid-state nanosecond laser system on low-temperature oxide layers
on Si [151]. The inﬂuence of the chemical functionalization of the receiver surface
was studied to obtain optimum immobilization of the deposited biotin droplets.
Compatibilization by chemical modiﬁcation of electronic semiconductor surfaces
is a necessary prerequisite for the fabrication of biosensor devices. The LIFT
deposition process of chemical sensing polymers onto prefabricated capacitive
micromechanical sensor arrays was studied with respect to the integration of the
LIFT technique for the production of real biosensor systems [152–154].
A combination of the two-photon polymerization (2PP) technique and LIFT
with 55–60 nm thick gold ﬁlms as energy-absorbing release layers allowed the
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combined deposition of 3D scaffolds as artiﬁcial extracellular matrix together with
viable cells [155]. This represents an integrated laser-based approach for the tailored
fabrication of cellular tissue constructs with a microengineered polymer scaffold
matrix with controlled pore design for cell deposition. Prefabricated scaffolds were
then seeded with endothelial and muscle cells by the LIFT process. Cell suspensions
were dispersed as ∼50 μm thick layers on top of the Au-coated donor slides, and
the LIFT deposition performed with single nanosecond pulses of a solid-state
Nd:YAG laser at 1064 nm focused to a 45 μm diameter spot. Single droplets, each
containing 20–30 cells, were ejected at a pulse energy of 66 μJ and deposited
over a gap between the donor and prepared collector slide of 350 − 500 μm. The
combination of well-deﬁned laser-fabricated porous microscaled structures with
accurate LIFT microdeposition methods of sensitive biomaterials might be relevant
not only for fundamental studies of cell–matrix interactions but also for future
tailored applications in cell-based biosensor and device engineering.
Direct LIFT deposition of thin polymer ﬁlms has been proved to be unsatisfactory
because of substantial chemical alteration of the transferred macromolecular
materials. However, with a metallic DRL, clearly better results are reported with
respect to the pixel cohesion, homogeneity, and surface roughness, even when
co-deposition of metal residues could not be avoided. Effects of the thickness of
gold and silver metallic DRLs and the inﬂuence of the pulse duration on the transfer
performance has recently been studied again [156] for the transfer of ∼300 nm
thick ﬁlms of the conducting polymer PEDOT:PSS, which is frequently used as
an electrode-coating material in the fabrication of electronic thin-ﬁlm devices. As
already mentioned, direct LIFT deposition of PEDOT:PSS was tested without an
intermediate absorbing DRL, and best pixel depositions were obtained only by
using a UV laser. However, the conductivity of the transferred PEDOT:PSS was
lost because of expected photochemical degradation reactions on direct exposure
of the polymer to UV radiation. The LIFT process of ﬁlms of the same conducting
polymer was carried out with either 50 or 25 nm thick intermediate metallic
absorber layers, and two different UV laser systems, a 248 nm KrF excimer laser
with 35 ns pulse duration and a frequency-tripled Nd:YAG with 50 ps pulses at
355 nm were compared to study the inﬂuence of the different pulse durations. For
the laser wavelengths 248 and 355 nm, the absorption lengths are for gold 13 and
15 nm, respectively, and for silver 15 and 51 nm. With nanosecond pulses and
50 nm Ag ﬁlms, well-deﬁned deposits are obtained. In this case, the ﬁlm thickness
of the Ag layer has almost the same value as the absorption length of the beam
for this radiation, whereas best results for a gold release layer were obtained with
25 nm ﬁlms, that is, twice the absorption length. This implies that the laser energy
is converted into different metal volumes and thermophysical parameters have to
be also considered. However, with the picosecond regime and gold layers, a huge
amount of metallic debris has been observed all around the deposits, but they
could be easily removed with a soft air blow. But SEM images and X-ray dispersive
energy analyses (EDAX) show that the transferred polymer pixels are contaminated
on their surface with residual nano- and microparticulate metallic debris. These
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metal contaminations might be a potential drawback to the integration of metal
DRL-based LIFT in electronic microdevice fabrication.
Metallic absorber layers were also used for the fabrication of small electroluminescent devices by LIFT sublimation of small light-emitting molecules in a
designed vacuum chamber with a CW Nd:YAG laser [157]. The donor consists of
a chromium layer sputtered onto a carrier substrate, which is then coated with
the organic electroluminescent materials by high-vacuum deposition. The optical system included a highly dynamic and high-precision galvanometric scanner
and allowed to achieve a focus diameter of about 35 μm on a working area of
16 cm × 16 cm. Small lines of the organic emitter materials were transferred when
the focused laser beam was scanned along the back of the donor substrate, heating
up locally the absorber layer. The spatially selective rapid laser heats and induces
the ﬂash sublimation of the organic molecules from the donor substrate onto the
receiver substrate over a spacer-deﬁned gap. This modiﬁed LIFT technique has
been named laser-induced local transfer (LILT). Stripe patterns of OLEDs with a
line width of ∼300 μm were deposited according to a multilayered thin-ﬁlm OLED
device architecture consisting of a hole-blocking, an electron-transporting, and an
emissive layer that was laser deposited. By optimization of the processing parameters, scanning speeds between 1 and 2 m s−1 were reported to achieve minimum
line widths of 50–70 μm. In principle, if the deposition process is performed for
red, green, and blue (RGB) emitting materials, full-color red, green, and blue
organic light-emitting diode (RGB-OLED) display devices could be printed with
fast processing speeds and on larger areas. However, the organic materials used
need to be thermally robust to tolerate the laser-induced ﬂash sublimation step.
5.4.3.3.4 Laser-Induced Thermal Imaging (LITI)
The principle of thermal imaging has been already presented in Section 5.4.3.3.1,
which has been applied mainly for digital color printing. Thermal imaging enables
the printing of multiple, successive layers via a dry additive deposition process
at high speed and with micron-size resolution. With the ablative transfer of
solid layers, the solvent compatibility issues, which are always encountered when
printing sequential layers from solution, are entirely avoided. This technique has
also been extended by DuPont to fabricate organic electronic devices [6], also with
polymeric material sets [158]. The ﬂexible donor sheet comprises essentially a
LTHC layer (together with an optional ejection layer), which is coated with the
printable electronic materials. Donor and receiver sheets are pressed together
in close contact during the transfer process, which is performed by focused
IR laser irradiation either from output-modulated diode lasers or scanned cw
solid-state lasers. With appropriate tuning of the laser ﬂuence and the local
irradiation duration, the release layer system is thermally decomposed into gaseous
products. Their expansion thus propels the top layer of the donor ﬁlm onto the
receiver. However, owing to inherent heat conduction processes with transient
laser irradiation in the microsecond regime, the transfer material layer also gets
noticeably heated, and therefore printable materials have to be reasonably heat
resistant. Such a thermoimagible organic conductor was developed (a blend of
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single-wall CNTs and doped polyaniline) and printed in small patterns as source and
drain electrodes for TFTs. The conductivity of the deposited features depends on the
applied ﬂuence of the 780 nm IR diode laser, and decreases with increasing ﬂuences
after a maximum closely above the transfer threshold ﬂuence. This decrease at
higher ﬂuences reﬂects the increasing structural degradation of the conducting
polymer at elevated thermal stress. Even when this example demonstrated that
components of a functioning organic electronic device can be dry printed by laser
transfer, the obtained process performance proved not to be easily applicable to
other material systems without reﬁnement of the individual processing parameters
and especially the material properties. From a mechanistic point of view, thermal
imaging may comprise both components, fast nonequilibrium ablation processes
in combination with slower equilibrium melt transfer by laser heating. DuPont has
also launched a digital printing technology for manufacturing liquid crystal display
(LCD) color ﬁlters that eliminates the photomasks and liquid process chemicals
used in traditional photolithography. The Optilon™ TCF system [159] uses donor
ﬁlms for the three ﬁlter colors RGB, which are transferred and patterned on the
prefabricated LCD matrix by direct laser writing. Digital ﬁles of color ﬁlter patterns
are directly image transferred from the dry Optilon RGB donor ﬁlms on glass
substrates.
Adapted from the laser imaging and graphics applications mentioned above,
3M has developed over the past decade as an extended digital transfer method
for laser thermal patterning of electronic devices, such as ﬂat panel displays and
OLED emitters. Patterning of electroactive organic materials by dry mass transfer
via thermal printing techniques is intrinsically difﬁcult because both molecular
and bulk electronic properties must be preserved, even when the materials are
nonvolatile or thermally labile. The 3M technique has been called laser-induced
thermal imaging (LITI) and uses a focused CW IR laser system as a heating device
in a designed exposure system with fast oscillating elliptical laser beams [160].
As outlined in Figure 5.4.6, the donor sheet consists of a ﬂexible 75 μm thick
PET support that carries the functional nontransferring layers and a top-coated
ultrathin transfer layer of electronic materials. The nontransfer layers are a 1.6 μm
thick absorptive LTHC layer and an additional 1 μm thick shielding interlayer. The
LTHC layer is a carbon-black-based black body absorber for the applied IR radiation.
The optical density and thickness of the LTHC layer are important parameters in
adjusting the donor heating proﬁle, which affects imaging quality, performance,
and device efﬁciency. With appropriate tuning of the process parameters, heating
rates up to more than 107 ◦ C s−1 , and peak temperatures within the LTHC layer
reaching from 650 to 700 ◦ C were observed. The peak temperature within the
organic transfer layer is about 350 ◦ C, but remains above 100 ◦ C for less than
1.5 ms. The second coated layer consists of a photocured polymer that acts as an
interlayer to protect the transfer layer from chemical, mechanical, and thermal
damage. The interlayer also moderates other physical defects known to arise from
warping or distortion of the LTHC so that the transfer layer surface remains
smooth. In addition, ﬁne tuning of the interlayer (which may consist of more than
one layer depending on the transfer layer material requirements) affects crucially
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Figure 5.4.6 Scheme of the laser-induced
thermal imaging (LITI) process. Donor and
receiver sheet need to be in intimate contact
during the mass transfer process by a thermal release/adhesion mechanism. (a) Laser
irradiation of the light-to-heat conversion
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(LTHC) layer induces a controlled phase
transition of the transfer material that leads
to a local change in adhesion to the receiver
surface. (b) The imaged pattern is mechanically developed by careful separation of the
donor and receiver sheet.

the transfer layer release functions. Nevertheless, thermal transfer defects were
observed during the LITI process of vacuum-coated OLED materials [161].
For OLED fabrication, the ﬁnal coated transfer layer is commonly a thin doped
evaporated emissive layer, typically some tens of nanometers in thickness. An optimal construction of phosphorescent OLED multilayer systems comprises usually
a well-balanced system of charge transport and blocking layers for exciton conﬁnement. With evaporation techniques, such stacks of multiple discrete organic layers
can be deposited in reverse order on top of the interlayer on the donor sheet before
the patterning step. During the LITI process, the entire multilayered stack will
be transferred on the prepared receptor. A large-area laser imager with a twofold
galvanoscanner system has been developed for the LITI mass transfer process with
two superimposed Nd:YAG lasers focused to a Gaussian spot of 30 μm by 330 μm,
delivering a laser power on the ﬁlm plane up to 16 W. The optical design with fast
oscillation of both elliptical beams transverse to the scan direction improves the
line edge quality and precision by increasing the slope of the laser intensity proﬁle
closely above the transfer ﬂuence threshold. Continuous variation of the scan speed
and oscillation parameters such as frequency and beam dithering allow the ﬂuence
proﬁle to be tailored to the materials and to achieve high cross-scan accuracy for
writing precise line structures. Essential for good transfer results is the controlling
of the thermal processes, the heat ﬂow, and the temperature proﬁles from the
LTHC layer to the transfer layer during the LITI transfer. A phase transition of
the transfer material, for example, by exceeding the glass transition temperature
Tg , facilitates the adhesion to the receptor surface. For a successful transfer, the
transfer layer has to become detached from the interlayer at the same time, as
outlined in Figure 5.4.6. A critical step is the separation of the irradiated donor
and receiver sheet. Since there is no sharp cut or perforation along the edge of the
transferred stripe, that is, along the border of exposed and unexposed donor ﬁlm,
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the micromechanical properties of the ﬁlm during removal of the donor have a
strong inﬂuence on the formation of the line edges. This is the critical region of the
donor–receptor laminate where a delicate balance of adhesion and release must be
achieved in order to create acceptable line structures with smooth edges. Materials
with high cohesion and ﬁlm strength, such as certain commercial high-molecular
mass light-emitting polymers (LEPs), tend to overwhelm the tearing forces at the
line edge, leading to poor image quality. Therefore, industrial applications are
rather focused to the patterning of vapor-deposited conventional small molecular
phosphorescent emitting materials with less intermolecular forces, which have
high electroluminescent efﬁciencies and long OLED device lifetimes. However,
carefully tailored formulation of such polymeric materials as blends with electrically
inert host polymers and further hole-transporting materials allowed the deposition
of satisfactory line patterns with promising emission characteristics [162, 163].
Receptor substrates are typically glass coated with ITO as the transparent electrode
layer and a hole-conducting layer (80 nm thick PEDOT:PSS) spin coated on top of it.
In order to improve the adhesion of the transfer layer to the PEDOT-coated receiver,
an additional thin siloxane layer was added in order to cover the hydrophilic surface
with a hydrophobic ultrathin ﬁlm to enhance the compatibility and wettability at the
interface with the transferred hydrophobic polymer blend [164]. About 80 μm wide
stripes of the LEP blend were transferred from donor ﬁlms precoated with red-,
green-, and blue-emitting materials to fabricate OLEDs. In 2003, Samsung SDI
presented the ﬁrst full-color active-matrix OLED display prototypes fabricated with
an LITI process step [162]. From Samsung’s extensive patent application activities
concerning development and reﬁning of technical process equipment compounds
during the past years, it might be concluded that the LITI process is already close
to industrial integration in full-color OLED ﬂat-panel production lines.
5.4.3.3.5 Metal Nanoparticle Absorbers
The size-dependent quantum dot absorbance of colloid Ag NPs has been exploited
to build tailored absorptive LTHC layers with an absorption in the visible range
[64]. About 100–200 nm thick ﬁlms of 30–40 nm sized Ag NPs show a strong
absorption around 530 nm, which ﬁts the emission of the 532 nm emission of
frequency-doubled Nd:YAG lasers. In order to prevent the Ag NPs from aggregation
and coalescence into a bulk ﬁlm during spin coating, they were protected by a
self-assembled alkanethiol monolayer (SAM). The absorbing nanomaterial layer
is only loosely connected and can therefore be easily vaporized by the laser.
The green-emitting OLED material tris-(8-hacroxyquinoline) aluminum (Alq3 ) was
deposited by an RIR-PLD technique to form 200–300 nm thick layers. The receptor
substrate was coated with a siloxane layer as adhesion promoter and placed with a
small transfer gap (<100 μm). Pattern transfer of Alq3 pixels (0.9 mm × 0.9 mm)
was obtained in a ﬂuence range of 50–150 mJ cm−2 . As an indicator of the
conservation of the materials properties the ﬂuorescence of Alq3 was measured
before and after transfer, and the spectra showed no signiﬁcant alterations. The
method has been named nanomaterial-enabled laser transfer (NELT). However, it is
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Figure 5.4.7 Chemical structures of nitrogen-rich polymers: nitrocellulose (1), poly-BAMO
(2), and glycidyl azide polymer GAP (3).

not clear which amount of the ablated Ag nanoparticle release layer is co-deposited
with the molecular OLED material.
5.4.3.3.6 Absorbing Polymer Release Layer Systems
The laser-triggered decomposition of energetic gas-generating polymer release
layers has been presented in the section on LAT with metal absorbing layers, as
well as composites of thermodecomposable polymers doped with black carbon
or dispersed IR dyes as radiation absorber. Similarly, LIFT transfer of polymer
composites doped with a CNT content of 5–10% (wt), which provides sufﬁcient
absorption to interact with a UV laser, has been mentioned above. Chemical
structures of some representative nitrogen-rich polymers are shown in Figure 5.4.7.
Nitrocellulose (or cellulose nitrate) is a self-oxidizing polymer and its energetic
performance depends on the nitrogen content. With a nitrogen content higher
than 13% it has been used as ‘‘gun cotton’’ and rocket propellant. Poly-BAMO
(2) and GAP (3) are energetic polymers with a polyether backbone that bears per
repeating unit two, and one azide (N3 ) groups, respectively, in the side chains, that
can each split off one molecule of elemental nitrogen (N2 ) on thermal ignition
or appropriate UV irradiation. Immediate decomposition of the labile nitrogen
moieties leads to a signiﬁcant volume expansion by violent gas generation that can
be used as a propellant thrust.
Both nitrite ester as well as azide moieties attached as side chains to the polymer
main chain show an absorption in the UV range between ∼300 and 250 nm.
They can therefore be electronically excited by UV light within that range, and a
phototriggered decomposition of the nitrogen-containing functional groups can be
initiated on irradiation. In another type of tailor-made nitrogen-containing polymers, UV-photocleavable aryltriazene chromophores (Ar–N=N–N–) are covalently
incorporated within the polymer backbone [165]. By that, UV laser irradiation of
the polymer induces a photofragmentation reaction, and the main chain is cleaved
into nitrogen gas and small volatile organic fragments, as outlined in Figure 5.4.8.
Films of such aryltriazene polymers show a high absorption in the range of
about 250–350 nm with an absorption coefﬁcient (at 308 nm αlin ∼ 100 000 cm−1 )
and can be efﬁciently decomposed on UV exposure [166]. Therefore, ﬁlms of
these photosensitive polymers proved to be excellently suitable for laser ablation
applications. The laser ﬂuence threshold for ablation is very low (∼20 mJ cm−2 ), the
ablation rates per laser pulse are quite high, the ablated surface patterns are sharp
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Figure 5.4.8 Schematic general structure of the UV-cleavable polymers. The polymer main
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light irradiation, leading to an irreversible fragmentation of the polymer backbone into small
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c
d

e
Figure 5.4.9 Principle of the modiﬁed laser-induced forward transfer (LIFT) process with an
absorbing sacriﬁcial polymer ﬁlm: (a) mask, (b) carrier substrate, (c) sacriﬁcial thin ﬁlm of
‘‘exploding’’ aryltriazene photopolymer serving as a pressure generator on laser irradiation,
(d) thin layers of transfer material, and (e) receiver substrate with transferred pixels.

and clean, and no debris by redeposition of ablated material or carbonization was
observed [73, 167, 168]. The laser-triggered photofragmentation process results in
an abrupt volume expansion jet of ‘‘ablation’’ products and a transient high-pressure
jump. This effect can be utilized for LIFT applications, when the aryltriazene
polymer ﬁlms are used as absorbing sacriﬁcial DRLs. The overlying ﬁlm of solid and
pure transfer materials is punched out and catapulted integrally toward the receiver
surface as outlined in Figure 5.4.9. Various transfer materials were investigated
as model systems (e.g., pyrene-doped polymethyl methacrylate (PMMA) ﬁlms)
[169] to deﬁne the best process conditions, such as optimum ﬁlm thickness for
the individual material layers with relation to the applied laser ﬂuence [170]. As
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examples, the transfer of well-deﬁned pixels of thin polymer ﬁlms was demonstrated
with aqueous-based ﬁlms of the biopolymer gelatin and a methylated cellulose
derivative [170]. The accurate LIFT deposition of thin polymer ﬁlms has recently
been demonstrated for microsensor applications. Homogeneous and hole-free
polyethyleneimine (PEI) pixels with a low surface roughness were deposited in
the same way with a triazene photopolymer DRL after process optimization [171].
Meanwhile, LIFT of PEI thin ﬁlms to sensing chip units allowed measuring of
chemoresponsive signals [165].
Use of the polymeric DRL also enables the accurate LIFT deposition of metal
ﬁlms. Transferred 80 nm thin aluminum ﬁlm pixels (500 μm × 500 μm) showed
clear-cut edges and a homogeneous layer morphology without traces of splashing
or codeposited debris outside the pixel area. It has been found that the mechanical
as well as the thermophysical material properties of the transfer layer and carrier
substrate have signiﬁcant effects on the transfer results. Owing to the inﬂuence of
the thermal diffusion toward the carrier substrate during nanosecond laser pulse
duration, the ﬂuence threshold for ablation was found to increase substantially
for ultrathin ﬁlms (<50 nm), depending on the material properties of the carrier
material [172].
The spatial shape of the focused laser spot directly deﬁnes the outline of the
catapulted pixel. Since the sacriﬁcial polymer release layer protects the transfer
layer from the incident UV irradiation, even highly sensitive materials can be gently
transferred and deposited. Only small and volatile organic fragments are formed by
the laser-triggered photopolymer decomposition, and therefore only a minimum
of contamination of the transferred deposits may be expected. This is a substantial
advantage compared to metal absorbing layers, which are known to be codeposited
with the transferred material after laser-induced volatilization during the LIFT
process [147]. Compared with previous LTHC layers frequently used with IR lasers,
the UV-light-triggered photodecomposition process reduces signiﬁcantly the heat
load to the transfer layer, which is detrimental to the properties or functionality of
sensitive materials.
The aryltriazene photopolymers, used as the catapulting layer, were tailored to
have an absorption peak that ﬁts the XeCl excimer laser wavelength at 308 nm
[173]. The ﬂatter beam energy proﬁle of the less coherent excimer laser is its
principal advantage over Gaussian solid-state UV lasers, as this results in a much
cleaner transfer. Other lasers that have shown how differences in pulse duration
and the beam energy proﬁle affected the quality of the transferred material have
been studied [174]. Despite improving the catapulting efﬁciency, there was no clear
advantage of shorter pulse lengths over the standard 30 ns pulse length of the XeCl
laser.
The potential of aryltriazene photopolymers as catapulting sacriﬁcial layers
in LIFT applications was demonstrated with various highly sensitive materials:
assisted by a ∼100 nm thick sacriﬁcial triazene polymer, DRL living mammalian
neuroblast cells were transferred and gently deposited on a receiver substrate
using a 193 nm ArF nanosecond excimer laser [175]. With focused laser spots of
about 20 μm in diameter, plaques of cell bundles embedded in an extracellular
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matrix were punched out from a donor substrate and transferred to a bioreceiver
over a gap of 150 μm above the threshold ﬂuence for cell transfer of 50 mJ cm−2 ,
gentle enough that the functionality was not impaired at all, and the cells started
reproducing instantly. After 48 h of the transfer, the cells showed intact preservation
of nuclei with well-developed axonal extensions, demonstrating that the technique
is competent in creating patterns of viable cells at low ﬂuences. This opens up
new possibilities for the manufacture of biosensors in which living cells should
be precisely deposited onto microchips. By developing more automated computercontrolled LIFT setups with in situ monitoring by charged-coupled detector (CCD)
cameras more complex cell arrays can be deposited in a reproducible way, as
recently reported [176].
In the same way, semiconducting multispectral nanocrystal quantum dots
(NCQDs) were successfully transferred by the photopolymer-assisted LIFT setup
into laterally patterned arrays [177]. A patterned metal mask was used for the
LIFT deposition of two different sizes of CdSe(CdS) nanoquantum dots (5 and
6 nm in diameter which show yellow and red color) coated on a bilayer of
triazene photopolymer DRL and a thin aluminum ﬁlm as conducting electrode.
Interdigitating 6 × 6 matrix arrays with pixel sizes of 800 μm were printed onto
ITO-coated glass substrates. PL of the NCQDs before and after transfer was found
to be nearly unchanged, indicating the conservation of materials functionality
during the transfer.
To prove the validity of the photopolymer-based LIFT approach, a working
miniaturized model OLED device has been fabricated [178]. For that, micropixel
stacks consisting of a bilayer of the electroluminescent polyparaphenylene vinylene
derivative MEH-PPV (poly[2-methoxy-5-(2 -ethylhexyloxy)-p-phenylene vinylene]),
together with an aluminum cathode, was transferred onto a receiver substrate
coated with a prestructured ITO anode (as shows in Figure 5.4.10). On the fused
silica donor carrier three individual thin layers had to be deposited one after
MEH-PPV
O

MeO

,
Poly(2-methoxy,5-(2 -ethylhexyloxy)1,4- phenylene vinylene)

+
Recevier

LIFT

Aluminum

Donor
Triazene polymer

Laser pluse
Figure 5.4.10 Layer architecture of the
donor and receiver substrate for the pixel
transfer with a thin layer (40–90 nm) of
the electroluminescent polymer MEH-PPV,
the aluminum cathode (70 nm), and the
aryltriazene photopolymer ﬁlm (100 nm).
The incident laser pulse decomposes

the sacriﬁcial photopolymer layer and
catapults the Al/MEH-PPV bilayer system in one step toward the prestructured transparent indium–tin oxide
(ITO) anode on top of the receiver
surface.
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Figure 5.4.11 Resulting OLED pixel device after LIFT: the MEH-PPV layer (b) and cathode
(c) are printed onto the ITO anode (a). The photograph shows two adjacent pixels seen
through the ITO-coated substrate. After contacting with silver paste (d) the pixel shows an
orange–red light emission.
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Figure 5.4.12 Setup for the two laser ‘‘pump-probe’’ shadowgraphy experiments for
time-resolved imaging of the forward transfer processes.

another, corresponding to the inverse stack of the later OLED device: a spin-coated
basic triazene photopolymer layer (100 nm) followed by a thermally evaporated Al
layer (70 nm), and as the top layer, a spin-coated MEH-PPV ﬁlm (90 nm) (shown in
Figure 5.4.10).
With single nanosecond pulses of a 308 nm XeCl excimer laser, MEH-PPV and
the aluminum cathode were directly printed onto the ITO anode in one step. The
transferred pixel required that contact be made only with a DC voltage for the
emission of orange light (Figure 5.4.11). The functionality of operating devices was
characterized by current–voltage and electroluminescence measurements, which
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prove that the integrity of the transferred materials has been fully preserved during
the improved LIFT deposition process. The transfer process has been further
extended, by shaping the laser beam using an appropriate mask, so that a pattern
of multiple pixels may be deposited with a single pulse, providing a promising
method for the production of full-colored displays on ﬂexible substrates.
To get more insight into the dynamic mechanism of the LIFT process, a
time-resolved pump-probe microimaging technique known as shadowgraphy was
adapted to visualize the ejection of micropixels and the transfer process that also
involves the occurrence of shockwaves [179]. The experimental setup for such
investigations is outlined in Figure 5.4.12.
Such shockwaves are generated by laser–material interactions, in this case by
the laser-triggered ‘‘microexplosion’’ of the catapulting layer, and their strengths
depend on the pressure of the ambient atmosphere. As an example, the shadowgraphy images in Figure 5.4.13 show the ejection process of a model pixel ﬂyer
(80 nm thick ﬁlm of aluminum on top of 350 nm of absorber polymer) in ambient
atmosphere, where the evolving shockwave together with the catapulted pixel can
be clearly seen. The upper row of images shows the time-resolved development
of the shockwave and the ﬂyer at a constant ﬂuence of 360 mJ cm−2 with increasing time intervals (200 ns steps) after the LIFT pump pulse. A bilayer system of
80 nm aluminum on top of a triazene DRL of 350 nm was irradiated at 308 nm
with 360 mJ cm−2 per pulse. After 200 ns the evolving shockwave together with
the ejected ﬂyer appears with a piston-type ﬂat surface. At 400 ns the shockwave
appears more hemispherical and propagates with a higher speed than the ﬂyer.
The shape and morphology of the catapulted pixel stays intact over a distance of
more than 300 μm, as these images show. The second row shows the inﬂuence
of the applied ﬂuence after a ﬁxed time delay of 800 ns each: the propagation
velocity of both the shockwave and the pixel ﬂyer depends on the energy of the
incident laser pulse, which allows a ﬁne tuning of the transfer conditions at low
ﬂuences. However, at a ﬂuence of already around 1 J cm−2 the blast power is high
enough to accelerate the ﬂyer more than the shockwave, so that it gets destroyed
on interaction. Such time-resolved mechanistic investigations are helpful to deﬁne
optimized conditions for the LIFT process of various transfer material layer systems. From such shadowgraphy image series, the individual propagation speed of
the shockwave and the ﬂyer can be derived depending on the laser ﬂuence and the
thickness of the sacriﬁcial DRL. The analysis of these values allowed for deriving
the ﬁrst simple model for the energy balance in order to estimate the conversion
efﬁciency of the incident laser into the kinetic energy of the ejected ﬂyer [180].
For example, solid ceramic thin ﬁlms of gadolinium gallium oxide and
ytterbium-doped yttrium aluminum oxide have been deposited by the sacriﬁcial
polymer-assisted LIFT [181]. The dependence of the ablation dynamics and quality
of the ejected donor material on the laser ﬂuence and thickness of the sacriﬁcial and
donor layers were investigated by means of this shadowgraphy technique. From
detailed analyses of such studies, dynamic process parameters and information
on the energy conversion can be derived, such as propagation velocities of
catapulted ﬂyers and correlated shockwaves that have to be carefully tuned for
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Figure 5.4.13 Shadowgraphy microimages
of the time-resolved development of the
shockwave and ﬂyer ejection for a laser ﬂuence  of 360mJ cm−2 (upper row). The
ﬂyer consists of a layer of 80 nm aluminum,
which was coated on top of a 350 nm thick
triazene photopolymer. The ﬂyer stays stable over quite a long distance of more than
0.3 mm. The image sequence shows the

different propagation speeds v of the ﬂyer
and the shockwave. Second row: The forward ejection of the same model system
was studied to investigate the ﬂuence dependence of the generated thrust. Images
are taken each at a constant delay time of
800 ns after the laser pulse. Flyer velocity
and shockwave shape depend on the applied
laser ﬂuence.

successful high-quality LIFT results necessary for reliable device fabrication [180].
Shadowgraphy studies revealed also that a smooth deposition of micropixels over a
narrow transfer gap can be crucially disturbed by the interaction of the catapulted
ﬂyer with reﬂected shockwaves [182]. An example of the interaction of the reﬂected
shockwave echo with a thin metal ﬁlm ﬂyer within a transfer gap of 500 μm
is shown in Figure 5.4.14. The evolving shockwave front reaches the receiver
substrate after 400 ns and starts to be reﬂected. As a consequence, the catapulted
ﬂyer collides with the shockwave echo. This interaction reduces the speed of the
ﬂyer and causes its disintegration before being deposited onto the receiver. Here,
proper choice of the pressure conditions and gap distance are further variables in
the multiparameter space of the LIFT process.
The functionality of triazene photopolymers as DRL has also been studied with
femtosecond laser pulses at 800 nm [183] for the transfer of 10 μm ceramic disc
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Figure 5.4.14 Shadowgraphy analysis of forward transfer with a gap distance of 0.5 mm.
Sequence of images taken with a sample as
shown in Figure 5.4.13 (80 nm Al on top of
350 nm triazene polymer DRL) at a ﬂuence
of 160 mJ cm−2 . After 200 ns time delay,
the catapulted ﬂyer (a) and the shockwave
front (b) can be seen. When the shockwave has reached the receiver surface, the
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echo wave starts to be reﬂected (c), and
the velocity of the incoming ﬂyer is slowed
down after interaction with the shockwave
echo (see the constant position of the ﬂyer
front indicated by the dotted line (d) during following 400 ns). Finally, the ﬂyer gets
disintegrated into small fragments that are
scattered backwards.

pellets [184]. The threshold transfer ﬂuence with the photopolymer DRL was found
to be only ∼20% of the polymer ablation threshold at the laser wavelength. This
behavior is in stark contrast to nanosecond DRL-LIFT using the same polymer,
where the transfer threshold is reproducibly found to be slightly greater than
the ablation threshold. This decrease has been attributed to ultrafast shockwave
generation in the constrained polymer layer under femtosecond irradiation being
the driving force for the femtosecond LIFT with the polymer DRL. However, further
effects may also play a role here, such as white-light continuum generation in the
carrier substrate, as well as standing optical waves [185].
Special Applications Using Femtosecond Lasers The use of femtosecond pulsed lasers
has certain advantages, as described above, and can be used for the transfer of
very small pixels. Deposition of nanoscale droplets of Cr was achieved using
femtosecond Ti:sapphire LIFT, and deposits around 300 nm in diameter are
obtained from a 30 nm thick source ﬁlm [186]. Femtosecond lasers also have the
advantage of high repetition rates, and the possibility of beam shaping (temporal
and lateral proﬁle). Temporal beam shaping can be used to optimize with feedback
loops, while lateral beam shaping can be used to precut (structure) the transfer
pixel before transfer. Multiple, subthreshold ﬂuence femtosecond pulses have been
used to lessen the adhesion of a donor ﬁlm to a support substrate to facilitate the
subsequent forward transfer step of solid ‘‘pellets.’’ To deﬁne the area for transfer
in ‘‘hard’’ solid donor ﬁlms, such as glasses, crystals, ceramics, and so on, more
precisely, and to allow for more reproducible pellet shapes, an outer ring with
relatively higher intensity was added to the transfer laser pulses by means of
the near-ﬁeld diffraction pattern of a circular aperture. This approach was called
ballistic laser-assisted solid transfer (BLAST) [187]. Since BLAST does not require a
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DRL material, it is potentially applicable to the forward transfer deposition of any
‘‘hard’’ donor. A further laser-based microstructuring technique for the etching
and deposition of solid materials, called laser-induced solid etching (LISE), utilizes
also the absorption of femtosecond-duration laser pulses in a constrained metal
ﬁlm between two bulk substrates [188]. At least one of the two substrates has
to be transparent to the laser wavelength. The very rapid pressure increase in
the ‘‘sandwiched’’ metal ﬁlm following irradiation is believed to initiate crack
propagation in one or the other of the bulk substrates. By spatially shaping the laser
beam, the cracking process can be controlled to etch small solid ﬂakes of material
from the substrates, and smooth, micron-scale pits and trenches in silicon and
silica could be etched using LISE. As a unique feature of LISE, the material etched
from the bulk substrate is removed as a single solid piece and is not shattered,
melted, or vaporized by the process. Hence, the etched material can be collected
on the other bulk substrate used in the process. In this way, micron-scale dots and
lines of silica have been deposited onto silicon and vice versa. Minimal evidence
of melting during the process has been observed, suggesting that LISE may be a
useful technique for the forward transfer direct-write of intact solid materials.
Variation of the DRL LIFT Approach A UV-absorbing poly(ethylene naphthalate)
(PEN) foil (1.35 μm, showing the maximum UV–vis absorption λmax around
360 nm) has been applied in a tailored laser-based setup for the contact- and
contamination-free collection of histologic material for proteomic and genomic
analyses. The sample of interest is prepared by a laser microdissection step
followed by laser-induced transport (laser pressure catapulting) toward a collector
microvessel [189, 190]. The tissue section is prepared on top of the PEN carrier
membrane and the cell transfer achieved with nanosecond pulses of a N2 laser at
337 nm. Time-resolved ejection dynamics were investigated by an ultrafast imaging
system.
5.4.3.3.7 Blistering Lift-Off Methods
A 4 μm thick ﬁlm absorbing layer of polyimide was used for the LIFT deposition
of sensitive embryonic stem cells [191]. The ﬁlm thickness is signiﬁcantly larger
than the laser absorption depth of about 750 nm at the 355 nm laser emission
wavelength. In this case, the laser causes vaporization inside the sacriﬁcial layer
below the transfer material interface. The polymer expands because of the generated
pressure with plastic deformation and builds up a curved blister. The hot gases
cool and stay trapped inside the blister cavity, thereby remaining isolated from the
transfer material. With appropriate tuning of the laser ﬂuence, viscous materials
are ejected from the fast bulging polyimide surface on top of the expanding
cavity, and the jetted droplet size increases with increasing laser ﬂuences. At
higher laser ﬂuences the polyimide membrane will be more and more ablated
and susceptible to rupture. When the ﬁlm ruptures, hot vapor from the ablation
process is able to escape into the transfer material layer and blow it locally away,
leading to a more energetic explosive ejection and deposition process that was
found to lead to splashes. Transfer of viable mouse embryonic stem cells spread
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as a glycerol/cell growth media suspension on the polyimide sacriﬁcial layer was
successfully achieved over a 100 μm gap.
Titanium metal coatings with a thickness far above the absorption length at
532 nm emission were used in a setup similar to the blistering membrane [192].
The metal layer was coated with a ∼1 μm thick layer of ultradispersed diamond
(particle size below 200 nm) and irradiated with single 50 ps pulses. Transfer of
the diamond nanopowder over a deﬁned gap was observed between a minimum
threshold ﬂuence and the ﬂuence for total ablation of the Ti layer, whereby the
deposited diamond nanopowder was accompanied by deposition of metal droplets
on the acceptor substrate (ablative transfer). In an intermediate ﬂuence regime
between these critical values, the Ti ﬁlm stays optically intact without perforations
and cracks. Ejection of the nanopowder can be attributed to a fast movement of
the transient blister at the metal-quartz-carrier interface and the shock waves. With
these transfer conditions, the transfer layer stays completely isolated from the
incoming radiation and ablation products of the sacriﬁcial layer, but the transfer
efﬁciency is limited by the adhesion of the transfer material to the blistering layer.
Since the ejection of the particles starts on top of an expanding membrane-like
convexity, a ﬂuence-dependent transverse scattering of the deposited particles was
observed. Even when the method of blister-based LIFT seems to be limited to
powders or viscous suspensions, it offers an interesting potential for the transfer of
wet biomaterials that can be used for biodevice fabrication with complete shielding
of the laser radiation.
5.4.3.3.8 Other Methods
With a polyimide-absorbing sacriﬁcial polymer release layer, a method was reported for the laser-driven release on demand of prefabricated microstructures
[193]. This DRL-LIFT-based approach was used for the batch assembly of hybrid
microelectromechanical systems (MEMS) built from parts fabricated on different
substrates. A classic photolithographic process has been applied to build up about
100 μm high microstructured components, but on top of a polyimide basis layer
that is later used as the absorbing DRL. For the assembly step, prefabricated parts
are aligned and ﬁtted together by LIFT catapulting of the prepared microstructure
to the chip with a KrF excimer laser. The same procedure was adapted later for the
LIFT deposition of more complex bar die device units and Si substrates, including
commercial LM555 timer chips [194]. As a proof of principle, a blinker circuit was
assembled by laser transferring each of its submillimeter-sized components to a
common chip board. An excimer laser was preferentially used with respect to its
larger area beam capable of uniformly irradiating a bigger surface of the device,
allowing for the transfer to occur with a single laser pulse. The release and transfer
of single unpackaged semiconductor devices into a pocket or recess in a substrate
enables the LIFT technique to perform the same way as pick-and-place machines
used in circuit board assembly to fabricate embedded microelectronic circuits. As a
demonstration example, a 300 μm × 300 μm sized InGaN LED was laser deposited
and it emitted light when powered [195].

305

306

5 Nanomaterials: Laser-Induced Nano/Microfabrications

5.4.4
Conclusions and Future Aspects

LIFT has matured since the early reports in the early 1970s and 1986 from a
curiosity to a process with many variations, as exempliﬁed by the large number
of acronyms (LAT, LITI, LILT, MAPLE-DW, AFA-LIFT, BLAST, LISE, etc.) for
the process. The range of transferred materials has also steadily increased from
single inorganic compounds such as metals, to imaging dyes and inks, and further
to functionally deﬁned multilayers and highly complex and sensitive biological
systems. Optimization of the process for individual materials and applications by
more insight in the involved mechanisms of the dynamic processes have ﬁnally led
to LIFT being applied for the fabrication of working devices, such as miniaturized
OLEDs or chemosensors. In summary, the recent developments suggest that
variations of the LIFT technology rather than the LITI process will be used as
industrial fabrication methods.
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Piqué, A., Auyeung, R.C.Y., Metkus,
K.M., Kim, H., Mathews, S., Bailey, T.,
Chen, X., and Young, L.J. (2008) Laser
decal transfer of electronic materials
with thin ﬁlm characteristics. Proc.
SPIE, 6879, 687911.
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